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Foreword 


The problem of voltage quality is gaining increasing importance due to the 
widespread use of power electronics (increasing emitted interference) on the one 
hand, and the reduction in the signal levels in electronic equipment (increased 
interference susceptibility) on the other hand. The voltage quality depends on 
various phenomena of the network perturbations, one of which, the conducted 
disturbance, is examined in this book. 

This book deals with the subject of voltage quality from a practical viewpoint 
but without omitting the mathematical aspects. The problems set out in this 
book are taken from many examples of operating practice and methods of 
solving these problems are indicated. Practical tasks and examples of applica- 
tions given in individual chapters deal with the topic in more detail. 

As this book is a translation from a German book, published in the VDE- 
Verlag, VDE classification is always mentioned. However the standards in this 
book are designated to the EN numbers and so far as EN numbers are not 
available to documents of the IEC. The original German book presents a 
separate chapter with a detailed reference list of the standards and VDE- 
specifications. As a detailed overview of the standards in relation to the 
VDE-specification will be of less use for the reader in the international market, 
the reader is referred to section 1.3 of this book, which indicates the general 
structure of standards, and to the publications of the International Electro- 
technical Commission IEC. The particular features of standardisation are dealt 
with in individual chapters where this appears practical. Status of the standards 
is based on the best knowledge of the authors in May 2001. 

Chapter 1 is a general introduction to the subject. The mathematical basics 
required, in conjunction with the subject of voltage quality, are also refreshed. 
Chapter 2 outlines in detail the occurrence, calculation and effects of harmonics 
and intermediate harmonics in networks. Chapter 3 deals with voltage fluctu- 
ations and flicker. Flicker is calculated using empirical formulae for periodic 
changes and also for random signals. Chapter 4 covers causes, description and 
effects of asymmetries. The measurement and assessment of system perturba- 
tions are given in detail in Chapter 5, with general selection criteria for methods 
and systems of measurement being worked out. Chapter 6 gives measures for the 
improvement of voltage quality. This chapter deals not only with standard 
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methods, but also shows how innovative methods and equipment may be used. 
Chapter 7 provides all the instructions for practical procedures, all of which are 
based on the comprehensive practical experience of the authors. 

Within the context of this book, the three phases of the power system are 
named R, Y and B instead of L1, L2 and L3. The three components of the 
symmetrical components are named positive, negative and zero sequence system 
instead of positive, negative and zero phase-system for easier reading. 

The book is addressed to engineers practising in industry, electric utilities and 
engineering companies in which questions of system perturbations arise. Parts 
of this book are suitable as an accompaniment to study documents for teachers 
and students at universities. 

The authors wish to express their thanks to all the companies in whose net- 
works and systems measurements were performed, the results of which are 
included in the application examples. We wish to thank Dipl.-Ing. Roland 
Werner from the VDE-VERLAG for his co-operation and assistance and Dr. 
Robin Mellors-Bourne from the IEE for his efforts to publish this book in 
the United Kingdom. Special thanks to Ms. Diana Levy from the IEE for 
spending a lot of time and effort to improve figures, captions and wording. 


Jurgen Schlabbach, 
University of Applied Sciences of Bielefeld; 


Dirk Blume, 
team GmbH, Herten; 


Thomas Stephanblome, 
EUS GmbH, Gelsenkirchen 
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Chapter 1 


Introduction 


1.1 Electromagnetic compatibility in electrical supply systems 


According to the ‘Order on the general conditions for electrical supply to tariff 
customers (AVBEItV)’, the “Technical connecting conditions for connecting to 
the network (TAB) and the contracts for special contract customers: 


‘Systems and consumer equipment are to be operated so that interference for other 
customers and perturbations on devices of the power supply company or third parties are 
precluded.’ 


This statement is supplemented by the definition of the terms of electro- 
magnetic compatibility (EMC) according to VDE 0870 as: 


‘The ability of an electrical installation (equipment, device or system) to operate 
satisfactorily in its electromagnetic environment without introducing impermissible 
electromagnetic interference with respect to any part of this environment to which other 
installations also belong.’ 


Recognition of the problem of electromagnetic compatibility is not new. As 
far back as 1892 a law was passed in the German Reich, which can be regarded 
as the first EMC law [1], as follows: 


‘Electrical systems shall, if a disturbance in the operation of one line by another has 
occurred, or may occur, at the expense of that part which due to the later system or a 
subsequent change to its existing system causes this disturbance, or the danger of same, 
where possible be designed so that they do not have a disturbing effect.’ 


It is a widely-held view that the defined application of the procedures given in 
the standards is sufficient to achieve EMC, 1.e. that this leads to a secure oper- 
ation of electrotechnical systems with regard to electromagnetic interference. 
This is correct only up to a point, because the standardisation only stipulates 
that the requirements be met for standard cases. However, technical systems are 
so complex and diverse with regard to their design and operation that the speci- 
fications in the standard do not go deep enough and therefore have to be 
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interpreted. The electrical energy and, particularly the voltage, has many chan- 
ging features at the changeover point to the customer, which sometimes have a 
considerable disturbing effect on the possible utilisation. System perturbations 
are a main area of these voltage disturbances. They occur when equipment with 
a non-linear current-voltage curve or with an operating behaviour which is not 
steady state is operated in a system with a finite short-circuit power, i.e. in a 
system with a finite impedance. 

The problem of system perturbations is becoming increasingly important due 
to the increased use of power electronics (increased emitted interference) on one 
hand and the reduction in the signal level in electronic equipment (increased 
disturbance sensitivity) on the other. Some typical values of signal levels of 
equipment used in measurement and control are worth mentioning. 


Electromagnetic equipment 10° to 10'W 
Analogue electronic equipment 10° to 10'W 
Digital equipment 10° to 10° W 


When considering system perturbations it should be assumed that the inter- 
ests of the consumer and power supply operator must be harmonised. This 
means that economic aspects have to be considered alongside the technical 
boundary condition of the equipment and the needs of the consumer. 

It is therefore generally not possible to increase the short-circuit power of the 
system regardless of other factors to reduce the impedance in order to minimise 
system perturbations. Economic and technical boundaries are determinant in 
this case. On the other hand, the equipment operated in the system cannot be 
provided with any desired level of interference immunity because the costs for 
this would increase considerably in line with the level of interference immunity. 

Between these boundary conditions, a compromise must be found, on which 
all consumers can rely. This should hold good, particularly for future system 
changes, and enable proper functioning of the equipment and systems into the 
future. 

The individual phenomena of system perturbations will be investigated sep- 
arately, showing that questions of measurability, the analysis of possible effects 
on equipment, and the specification of suitable remedies, can lead to different 
solutions in each case. 

Future development requires constant monitoring of system perturbations. 
The reasons for this are as follows. 


e System changes and restructuring (e.g. increasing the amount of cabling in 
systems) as well as the increased use of systems for reactive power compensa- 
tion lead to lower resonant frequencies of the system. 

e Changes to the make-up of consumers (replacement of ohmic consumers by 
electronic equipment, e.g. in industrial heat technology) and changes in con- 
sumer behaviour (increased use of small electronic devices) lead to higher 
disturbance levels. 
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e Measures to reduce consumption by replacing conventional lighting equip- 
ment by compact fluorescent lamps increases disturbance levels. 

e The use of unconventional current and voltage transformers (optical wave- 
guides) leads to an improvement in the measurement of system perturbations. 

e Development of new compensation and remedial measures enables cost- 
effective solutions for improvement in the voltage quality. 


Because of the periodic and/or random deviations and the random behaviour 
of the disturbances in the electrical supply system, as shown in Figure 1.1, the 
level of a disturbance can only be given as a frequency distribution. Also, the 
interference immunity of individual devices is statistically distributed. Func- 
tional impairment or failures of equipment need to be considered only in the 
overlap area. 

Emitted interference levels, e.g. EN 61000 3—2 (VDE 0838 part 2) and inter- 
ference immunity test levels, e.g. EN 50178 (VDE 0160) are specified on the basis 
of this probability. A guide value is the compatibility level, e.g. according to EN 
61000 2—2; IEC 1000—2-2 (VDE 0839 part 2-2) for public low voltage systems, 
i.e. a specified level in the system for which a specific probability of electro- 
magnetic compatibility exists, as shown in Figure 1.2. From this it can be 
deduced that disturbance levels which exceed the compatibility level occur with 
a certain probability. The timing and magnitude of this probability will vary for 
different disturbance phenomena. 

The phenomenon of the interference quantity can be influenced both by the 
generating end (disturbance emittance) and the disturbed end (disturbance 
sensitivity) as well as by changing the disturbance transmission. An essential 
condition for the analysis of disturbance phenomena and possible remedies is 


A 
equipment/high importance 


N 
immunity EN 50082-1 


equipment/low importance _ levels 


Compatibility level 


disturbance level (system) 


Relative disturbance level 


disturbance level EN 61000 
ae 
> 


Time 


Figure 1.1 Random time course of disturbance, e.g. 5th harmonic 
References to EN-norms to be understood as examples only 
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Emission limit 
Compatibility level 
Immunity level for testing 


Statistical frequency 


Statistical 
distribution 
of immunity 
level 


Statistical 
distribution 

of disturbance 
emission 


a 


Disturbance level 


Figure 1.2. Probability distribution of disturbance level and immunity level 


knowledge of the transmission mechanism between the disturbance source and 
disturbance drain. The basic relationships of the coupling mechanisms are 
summarised in Figure 1.3. 

In this case, inductive, capacitive and galvanic couplings should be con- 
sidered, provided the propagation times of the disturbances within the system 
under consideration can be ignored, e.g. the wavelength of the disturbance is 
large compared with the system dimensions. This quasi-steady state treatment 
applies to system perturbations in the field of electrical power supply systems. 

On the other hand, couplings described by models of wave propagation or 
radiation influence should be considered if the wavelength of the disturbance is 
less than the system dimension, as is sometimes the case where there are EMC 
problems with electronic circuit boards. The same applies where the rise times of 
the disturbances are in the magnitude of the signal transit times. This is the case 
when considering pulse envelopes. 


1.2 Classification of system perturbations 


System perturbations occur as harmonic voltages, voltages with interharmonic 
frequencies, flicker, voltage changes, voltage change courses, voltage fluctuations 
and voltage asymmetries [2]. The determining frequency range for considering 
system perturbations extends in this case from zero-frequency quantities (f= 0 
Hz) up to frequencies of f= 10 kHz. When considering the individual types of 
system perturbation, the particular frequency range is more closely considered. 
The individual phenomena of system perturbations are defined as follows. 
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Disturbance with random 


occurrence 


capacitive 


Disturbance/controllable 


inductive 


Perturbation 


Disturbance 
emission 
(source) 


Equipment 


Figure 1.3 Basic relation of emission, transmission and coupling of disturbances 


Harmonic 


Interharmonic 


Flicker 

Voltage change 
Voltage change course 
Voltage fluctuation 


Voltage asymmetry 


Sinusoidal oscillation whose frequency is a whole- 
number multiple of the fundamental frequency. 
Sinusoidal oscillation whose frequency is not a 
whole-number multiple of the fundamental 
frequency. 

Subjective impression of luminance fluctuation of 
filament lamps or fluorescent lamps. 

Change to the r.m.s. value of the voltage. 

Time function of the difference between the r.m.s. 
value of the voltage at the start of the voltage 
change and the succeeding r.m.s. values. 

Sequence of voltage changes or voltage change 
courses. 

Deviation of three voltages of the three-phase sys- 
tem with regard to amplitude or deviation from the 
120° phase difference. 


Frequency fluctuations, i.e. deviations of the defined supply system nominal 
frequency are, on the contrary, a global phenomenon provided quasi-steady 


states are being considered. 


In deviation from, or in addition to, the phenomena mentioned in the 
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introduction, the following disturbance phenomena are defined in IEC 
1000-2-1. 


Short supply interruption Interruptions in supply voltage for a maximum of 
one minute. Interpreted as a ‘voltage sag’ with 


100% amplitude. 

D.C. component D.C. component of the voltage—at present under 
discussion in the IEC. 

Mains signalling Higher frequency transmission signals on high 


voltage lines. 

Audio-frequency telecontrols up to 2 kHz. 
PLC transmission up to 20 kHz. 
Telephone systems up 500 kHz. 


It should be noted that voltage failures (short supply interruptions) do not 
represent system perturbations, but should be regarded as a disturbed operating 
state. Voltage failures are therefore not dealt with in this book. This does not 
mean that measures to reduce system perturbations cannot also be used as 
measures to deal with voltage failures. 

D.C. components of the voltage are not dealt with because at present no 
stipulations for dealing with d.c. voltage components are given in either inter- 
national or national standards. 

The use of higher frequency signals on power supply lines for the purpose of 
signal transmission is dealt with in conjunction with the topic of harmonics and 
interharmonics. In this case, the field of audio-frequency telecontrol systems is 
of interest with regard to system perturbations. 


1.3 EU directives, VDE specifications and standards 


The topic of supply perturbations is at present dealt with in an extensive stand- 
ards and regulations catalogue and represents a subdomain of electromagnetic 
compatibility. It is therefore incorporated in national legislation such as the 
EMC Acct of 19.11.1992, the first EMC Amendment Act of 30.11.1995 and the 
Federal Clean Air Act of June 1996 by means of 26 implementation orders to 
date. 

Electromagnetic compatibility is dealt with in the European context by EU 
directives, of which two should be mentioned here. EU directive 85-374 of July 
1995 described electrical energy as a product for which a product liability is 
provided, from which the requirements to stipulate quality characteristics is 
derived. EU directive 89/336 of May 1989 described specifications for the EMC 
emissions from electrical systems. 

The standardisation work in the field of electromagnetic compatibility is 
based on these directives, acts and orders. The previous voluntary application of 
VDE standards has grown in importance with harmonisation with EMC legisla- 
tion and the corresponding European standards. Therefore, since the beginning 
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of 1996 the CE mark, as an external indication of EMC conformity of equip- 
ment, must be carried on all equipment for sale in the EU. Manufacturers can 
perform their own test to enable the CE mark to be used. If there are no 
adequate test facilities available at the manufacturer, or if there are no relevant 
standards available, the CE mark can be awarded by an authorised certification 
organisation. 

Standards are prepared by various specialist committees of the IEC, 
CENELEC and the CISPR. TC77 of the IEC is developing standards for 
measuring and test methods and for interference immunity for the complete 
frequency range, with the standardisation of the limits of emitted interference 
for the 0 Hz to 9 kHz frequency range being prepared by subcommittee SC77A 
and for the frequency range above 9 kHz by the CISPR. TC110 of CENELEC 
will then draw up product-overlapping standards (so-called generic standards) 
for verification of EMC compatibility. 

The following changes are made to numbering when converting standards 
documents to European standards. 


CENELEC nn > EN 50000 + nn 
CISPR nn — EN 55000 + nn 
IEC nn — EN 60000 + nn 


For the CENELEC area, the standards produced for EMC are based on a 
hierarchy of basic standards, generic standards and product standards, as 
follows: 


Basic standards These describe phenomena-related measuring and test methods 
for verification of the EMC. Specifications for measuring instruments and test 
set-ups, such as the recommendation of interference immunity test levels, are 
also contained, but are only incorporated as binding limits in generic standards 
or product standards. 


Generic standards These contain important general limits for the assessment 
of products for which no product-specific standards are available. For the 
EMC environment there are differences between the industrial field (EN 
standards contain the extension —2) and the environment of light industry, of 
trade and business and of residential areas (EN standards contain the exten- 
sion —1). 


Product and product family standards These describe specific environmental 
conditions and take precedence over generic standards. Limits are stipulated in 
generic standards with test methods and procedures being mainly specified for 
product families. In addition to the standards, there are still various recom- 
mendations, such as from the VDEW, which should be regarded as transitional 
solutions for the areas in which there are no product standards. The following 
examples of VDEW recommendations should be mentioned in the context of 
system perturbations. 
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e Basic principles for the assessment of system perturbations. 

e Recommendation for digital station control. 

e Recommendations for the avoidance of impermissible perturbations on 
audio-frequency telecontrol. 


In the international field, standardisation is controlled by the IEC, which has 
prepared an extensive series of standards on the subject of system perturbations. 
This series has been partly converted into national standards by translation of 
the relevant IEC publications. 

The IEC 1000 series of standards covers all the areas of electromagnetic 
compatibility. A distinction is made between conducted disturbances (frequency 
range up to a few tens of kilohertz) and non-conducted disturbances in the 
higher frequency range. 

The clear structuring of EMC standards in IEC 1000 is shown in the follow- 
ing overview, with the further subdivision in this case concentrating on low- 
frequency functions. In the VDE classification, the corresponding specifications 
are given mainly as sections under classification numbers 0839 to 0847. 


IEC 1000-1 Overview of the series of standards, definitions 
IEC 1000-2 Compatibility levels, description of environment 
-1 Description of phenomena 
—2 Compatibility levels for public low voltage systems 
-4 Compatibility levels for industrial systems 
-5 Classification of the EMC environment 
—6 Recommendations for low-frequency emitted interference in 
industrial systems 
-~7 Low-frequency magnetic fields 
-12 Compatibility levels for public medium voltage systems 


IEC 1000-3 Emitted interference limits for voltage fluctuations, harmonics 

and flicker 

—l1 General overview 

—2 Limits for harmonic currents J, < 16 A 

—3 Limits for voltage fluctuations and flicker J; < 16 A 

—4 Limits for harmonic currents J, > 16 A 

-5 Limits for voltage fluctuations and flicker J, > 16 A 

—6 Limits for harmonic currents in the medium voltage and high - 
voltage ranges 

~7 Limits for voltage fluctuations and flicker in the medium - 
voltage and high voltage ranges 


IEC 1000-4 Methods of testing for emitted interference and interference 
immunity 
—l1 General overview 
—~7 Recommendations for measurement of harmonics 
—11 Interference immunity from voltage sags and interruptions 
—13 Interference immunity from harmonics and interharmonics 
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—14 Interference immunity from voltage fluctuations, asymmetry 
and frequency deviations 
—15 Function description of flicker meter 
—16 Conducted continuous disturbances (f=0... 150 kHz) 
IEC 1000-5 Description of remedial measures 
IEC 1000-6 Interference immunity requirements, emitted interference limits 
IEC 1000-9 Miscellaneous 


The layout of VDE standards (in this case giving the VDE classification num- 
ber) for electrical power supply is generally as follows. 


VDE 0838 Perturbations in power supply systems 
Part 1 General, definitions 
Part 2 Harmonics 
Part 3 Voltage fluctuations 

VDE 0839 Electromagnetic compatibility 


Part 2-2. Compatibility levels in public low voltage systems 

Part 2-4 Compatibility levels in industrial systems 

Part 6-2 Interference immunity, industrial areas 

Part 10 Assessment of interference immunity 

Part 81-1 Emitted interference; residential areas, light industry 
Part 81-2 Enmitted interference; industrial areas 

Part 82-1 Interference immunity; residential areas, light industry 
Part 88 Compatibility levels in public medium voltage systems 
Part 160 ‘Features of voltage in public systems 

Part 217 Measurements of emitted interference at installation site 


VDE 0843 Electromagnetic compatibility of measuring and control 
equipment in industrial metrology 
Part 1 
Part 2 Interference immunity from the discharge of static 
electricity 
Part 3 Interference immunity from electromagnetic fields 
Part 5 Interference immunity from impulse voltage 
Part 6 Interference immunity from conducted disturbances (HF 
fields) 
Part 20 
EMC requirements for electrical equipment for instru- 
mentation and control and for use in laboratories 
Part 23 
VDE 0845 Protection of telecommunication systems from lightning, 
static charging and overvoltages from power systems 
VDE 0846 Measuring devices for assessment of EMC 
Part 0 Flicker meters, assessment of flicker strength 


Part | Harmonics up to 2500 Hz 
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Part 2 Flicker meters, functional description 
Part 11 Test generators 

Part 12 Coupling devices 

Part 13 Measuring aids 

Part 14 Power amplifiers 


VDE 0847 Measuring methods for assessment of EMC 
Part | Measurement of conducted disturbances 
Part 2 Interference immunity from conducted disturbances 
Parts 4-7 Methods and measurements of harmonics and _inter- 
harmonics 
Parts 4-8 
to Interference immunity testing 
Part 136 


1.4 Basic mathematical principles 


1.4.1 Complex calculations, vectors and phasor diagrams 


When dealing with a.c. and three-phase systems, it should be noted that 
currents and voltages are generally not in phase. The phase position depends 
on the amount of inductance, capacitance and ohmic resistances at the 


impedance. 
The time course, e.g. of a current or voltage in accordance with 
u(t) = V2 Usin (wt + gy) (1.1a) 
i(t) = V2 Isin (wt + 9) (1.1b) 


can in this case be shown as a line diagram (see Figure 1.4). In the case of 
sinusoidal variables, these can be shown in the complex numerical level by 
rotating pointers, which rotate in the mathematically-positive sense (counter- 
clockwise) with angular velocity w as follows: 


: u(t); i 4 
u 


<< 
T 7 0 


Figure 1.4 Vector diagram and time course of a.c. voltage 
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U=N2 Uc) (1.2a) 

[= V2 Tere (1.2b) 

The time course in this case is obtained as a projection on to the real axis, see 
Figure 1.4. 


DIN 40110 (VDE 0110) stipulates the terms for the designation of resistances 
and admittances. This specifies the following. 


Resistance R Active resistance 
Reactance X Reactance 
Conductance G Active conductance 
Susceptance B Susceptance 


The generic term for resistances is given as impedance or apparent resistance 
Z=R+jX (1.3a) 

The generic term for conductances is admittance or apparent admittance 
Y=G+jB (1.3b) 


The reactance depends on the particular frequency under consideration and 
can be calculated for capacitances or inductances from 


Xo= VaC (1.4a) 
X,=oL (1.4b) 


For sinusoidal variables, the current through a capacitor, or the voltage at an 
inductance, can be calculated as follows. 


i(t) = C-du(a/dt (1.5a) 
u(t) = L-di(t)/dt (1.5b) 


The derivation for sinusoidal variables establishes that the current achieves, by an 
inductance, its maximum value a quarter period after the voltage. When con- 
sidering the process in the complex level, the pointer for the voltage precedes the 
pointer for the current by 90°. This corresponds to a multiplication by +4). 

For a capacitance, on the other hand, the voltage does not reach its maximum 
value until a quarter period after the current, the voltage pointer lags behind the 
current by 90°, which corresponds to a multiplication by -j. 

This enables the relationships between current and voltage for inductances 
and capacitances to be shown in a complex notation. 


U=joLI (1.6a) 
I= (1/G@C))-U (1.6b) 


Vectors are used to describe electrical processes. They are therefore used in 
d.c., a.c. and three-phase systems. Vector systems can, by definition, be chosen 
as required, but must not be changed during an analysis or calculation. It should 
also be noted that the appropriate choice of the vector system is of substantial 
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assistance in describing and calculating special tasks. The need for vector sys- 
tems is clear if one considers the Kirchhoff laws, for which the positive direction 
of currents and voltages must be specified. In this way, the positive directions of 
the active and reactive powers are then also stipulated. 

For reasons of comparability and transferability, the vector system for the 
three-phase network (RYB components) should also be used for other compon- 
ent systems (e.g. symmetrical components), which describe the three-phase 
network. 

If vectors are drawn as shown in Figure 1.5, the active and reactive powers, for 
instance output by a generator in overexcited operation, are positive. This vector 
system is designated as a generator vector system. Accordingly, the active and 
reactive power consumed by the load is positive when choosing the consumer 
vector system. 

When describing electrical systems, voltage vectors are drawn from the phase 
conductor (L1, L2, L3 or also R, Y, B) to earth (E). In other component systems, 
for instance for a system of symmetrical components (see section 1.4.3), the 
voltage vector is shown from the conductor towards the particular reference rail. 
On the other hand, vectors in phasor diagrams are shown in the opposite direc- 
tion. The vector of a conductor to earth voltage is therefore shown in the phasor 
diagram from earth potential to conductor potential. 

Based on the stipulation of the vector system, the voltage and current rela- 
tionship of an electrical system can be shown in phasor diagrams. Where steady- 
state or quasi-steady-state operation is shown, r.m.s. value phasors are generally 
used. Figure 1.6 shows the phasor diagram of an ohmic-inductive load in the 
generator and in the consumer vector system. 


1.4.2 Fourier analysis and synthesis 


The previously-considered processes in linear systems where currents and 
voltages occur with only one frequency can also be transferred to networks with 
any current or voltage characteristic. This is based on the known fact that any 


a) +P b) oe 
I +O-» PO 
ire) T(L3) ; 

> 

I : 
Three-phase =¥Q S(L2) positive 
a.c. system T 
Iho | R(L1) sequence 
> system 
Une Ur) Una} V.9=|Ui9 
E v 01 
Ieot Iuot Ino= 0: Uso Uvot Uso =0 U,9 = UdIV3 


Figure 1.5 Definition of vectors for current, voltage and power in three-phase a.c. systems 
a) power system diagram 
b) electrical diagram for symmetrical conditions (positive sequence system ) 
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Figure 1.6 Vector diagram of current, voltage and power 
a) related to consumers (consumer vector system) 
b) related to power generation (generator vector system) 
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periodic signal with the period 7 can be represented by a Fourier series in 
accordance with the following equation: 


ft) = 5 + (a, cos (hen,t) + by sin (hen,t)) (1.7) 
h=1 


The relationship between the period T and the basic circuit frequency @, is 
obtained by 


o,T =2n (1.8) 


A particular simple representation of the Fourier coefficients which is adapted 
to the calculation with complex numbers is obtained by combining the coef- 
ficients a, and b,: 


Cy, = (Ay, — JO,) (1.9a) 


with the amplitude of the harmonic component c, and phase position g, in 
accordance with 


gy, = arc tan (a;/b,) (1.9b) 


The content where = 1 forms the fundamental component, the content where 
h> 1 forms the harmonics. 
The coefficients a, and b, can be determined in accordance with 


2n 


a, = : | Ao cos (ha,t) dat (1.10a) 


0 


2n 


1 
b,=— [no sin (het) dat (1.10b) 
m 
0 


The integrals can generally only be assessed numerically. 

Where a signal is sampled (periodically in 27), the Fourier coefficients can be 
calculated approximately by summation. The functional course f(t) shown in 
Figure 1.7 is given as an example. 

For sampling in equidistant intervals (subdivisions of the period interval 
0<x<2z to an uneven number n= 2N-+1 subintervals of length /=2z/n) the 
approximate values a, and b, where h=0.1 ..., N is obtained for the Fourier 
coefficients in accordance with 


a) = : Sf. cos (hkl) (1.1 1a) 
k=0 


1 2N 
bD=— > hh sin (hkl) (1.11b) 


k=0 
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f(a 


> 
T 2n ot 
Figure 1.7 Time course of function f(t); 18 samples per period 
where f, = f(A). We then get 
n N 
fel) = 0.5ay + >, a,(D cos (hx) + >, by(D sin (hx) (1.12) 
h=1 h=1 


the trigonometric approximation polynomial of the Nth order for f(x), which 
agrees with f(x) at positions x = hl. 

For subdivision of the interval into an even number n = 2N of subintervals of 
length /=2z/n, the element a, is provided with the factor 0.5 to obtain the 
interpolation attribute. For the Fourier coefficients, the approximate values a, 


and b, forh=0.1..., N are obtained in accordance with 
1 2N-1 
a,() =— 2, f.c0s (hkl) (1.13a) 
and for h=1,..., N—1 in accordance with 
1 2N-1 
bi) == >, fc sin (hkl) (1.13b) 


The trigonometric approximation polynomial is then 


2N-1 2nN-1 


fel) =0.5a)+ >. a,(2) cos (hx) + >. b,(L) sin (hx) + 


+0.5ay(J) cos (hx) (1.14) 


In this case, / signifies the order of the harmonic and n=2N or n=2N +1 the 
number of sampling values per period of the fundamental component. The 
equations show that to represent the content with the order / of the harmonic, 
at least the number of 2/ sampling values per period of fundamental frequency 
are required. From this it follows that with a fixed signal sampling frequency the 
highest harmonic that can be represented is that with half the frequency of the 
sampled signal (Shannon sampling theorem). 
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To determine the Fourier coefficients (discrete Fourier transformation), vari- 
ous methods such as direct calculation, prime factor algorithm or butterfly 
algorithm can be used. The importance of choosing a mathematical method is 
reduced with the availability of signal processors. These provide the Fourier 
coefficients required for further processing from the sampled values. 

If the analysing function has symmetrical properties, the calculation of the 
Fourier coefficients is substantially simplified [4]. Assuming that the function f(2) 
is odd, i.e. 


Kd) =—-f-) (1.15) 


(see also Figure 1.8), all coefficients c, become purely imaginary and the 
Fourier coefficient a, is equal to zero. 

In the case of a function f(t) which is odd with the half period in accordance 
with Figure 1.8, the following applies. 


Kt) = fit — (T72)) (1.16) 


In this case, all even-numbered coefficients become zero. If the function is f(t), 
e.g. the voltage u(f) at a non-linear resistor through which the sinusoidal current 
i(t) flows, the voltage has odd-order harmonics. This characteristic is known as 


a) fOA 
fo ss 


-for 


b) fO4 


Figure 1.8 Time course function f(t) 
a) even function 
b) odd function (symmetrical to half period) 


Introduction 17 


central-symmetric. Such characteristics occur frequently in electrical power 
supply systems. 


1.4.3, Symmetrical components 


The relationships between voltages and currents of a three-phase system can be 
represented by a matrix equation, e.g. with the aid of the impedance or admit- 
tance matrix. The equivalent circuits created by electrical equipment, such as 
lines, cables, transformers and machines, in this case have couplings in the three- 
phase system which are of an inductive, capacitive and galvanic type. This can 
be explained by using any short element of an overhead line in accordance with 
Figure 1.9 as an example, see also [2]. 
The correlation of currents and voltages of the RYB system is as follows: 


Up Zrr Zry Zep IR 
Uy = Zyr Lyy Lys : ly (1.17) 
Us Zer Zpy Zep Ip 


All the values of this impedance matrix can generally be different. Because of 
the cyclic-symmetrical construction of three-phase systems only the self- 
impedance and two coupling impedances are to be considered. A_cyclic- 
symmetrical matrix is thus obtained. 


UR) |Z, Zp Ze TR 
Uy = Ze Z, Zp . ly ( 1.1 8) 
U; Zp Zo Za Lb 


The multiplicity of couplings between the individual components of three-phase 
systems complicates the solution methods, particularly when calculating 
extended networks. For this reason, a mathematical transformation is sought 


Self coefficients Coupling coefficients 
R'dl_ L'dl Ly dl Lyd C,.dl Cydl G,dl Gd 

Bo LEN + * r. + + e—O 
YoH Jr. LJ + * { a O 
Ro NE ~~ z a i+ a O 

Rpdl Lidl | 
E o4 .VvVY ® + + * + #—O 

longitudinal transversal 


Figure 1.9 Differentially small section of homogeneous three-phase a.c. line 
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which transfers the RYB components to a different system. The following condi- 
tions should apply for the transformation. 


e The transformed voltages should depend only on one transformed current. 

e For symmetrical operations only one component should be unequal to zero. 

e The linear relationship between current and voltage should be retained, i.e. 
the transformation should be linear. 

e For symmetrical operations the current and voltage of the reference compon- 
ent should be retained (reference component invariant). 


The desired transformation should, in this case, enable the three systems to be 
decoupled in such a way that the three components are decoupled from each 
other in the following manner: 


Uy} |Z 0 0 1 
U,;=|9 Z 9 I, (1.19) 
U,| [9 0 Z L 


These requirements are fulfilled by the transformation to the symmetrical 
components (012-system), which is realised for voltages and currents by the 
transformation matrix T according to Equation (1.20), shown for the voltages. It 
should be noted that the factor 1/3 is part of the transformation and therefore 
belongs to the matrix T. 


Ul fi 11 Uy 
Gey T: Saja |e ey (1.20) 
U, Lae is 


The reverse transformation of the 012 system to the RYB system is achieved 
by the matrix 7" in accordance with the following equation: 


Up a ie U; 
Uy|=3|1 @ a U, (1.21) 
Us 1 a a U; 


The following applies for both transformation matrices T and T' 
T-T'=E (1.22) 


with the identity matrix E. The complex rotational phasors a and a’ have the 
following meanings: 


a=e =-1/2 + j(1/2)N3 (1.23a) 
a =e" = 1/2 —j(1/2)V3 (1.23b) 


l+a+a=0 (1.23c) 
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For the transformation of the impedance matrix, Equation (1.24) applies in 
accordance with the laws of matrix multiplication, taking account of Equations 
(1.20) and (1.22). 


T Upys = T ZyypgT'T Tryp (1.24a) 


Dov = Lor Lov (1.24b) 


and thus Equation (1.25) for the conversion of the impedances of the three- 
phase system to the 012 system. 


Lo=Zy,+ZpR+ZQo (1.25a) 
Z,=Z,+@Z,n+aZo (1.25b) 
Zy=Zy,t+aZ,+a@Zeo (1.25c) 


The impedance values of the positive sequence and negative sequence systems 
are generally equal. This applies to all non-rotating equipment. The zero 
sequence impedance mainly has a different value from the positive or negative 
sequence impedance. If mutual coupling is absent, as perhaps with three single- 
pole transformers connected together to form a three-phase transformer, the 
zero sequence impedance is equal to the positive or negative sequence 
impedance. 

The voltage vector of the RYB system is linked linearly to the voltage vector 
of the 012 system (the same applies for the currents). 

If only one zero sequence system exists, the following applies: 


UR 1 11 U,| | Q 
Uy} =|1 @ al-|0 | =| (1.26) 
Us laa |0 Uy 


No phase shift exists between the three a.c. systems of the RYB conductors. 
The zero sequence system is thus an a.c. system. Figure 1.10 shows the phasor 
diagram of the voltages of the RYB system and the voltage of the zero sequence 
system. 


Figure 1.10 Vector diagram of voltages in RY B-systems and zero sequence systems 
Positive and negative sequence systems are NIL 
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Where only a positive sequence exists, the following applies: 


UR 1 1 1 0 U, 
Uyl/=|1 @a|-l|uf=|@y, (1.27) 
Us l ww 0 au, 


A three-phase system with a positive rotating phase sequence R, Y, B results, 

1.e. a positive sequence system. Figure 1.11 shows the phasor diagram of the 

voltages of the RYB system and the voltage of the positive sequence system. 
Where only a negative sequence system exists, the following applies. 


ty Th. Fa 0 i 
Uy} =|1 @ a }-|0 |=/aU, (1.28) 
Us laa@ U, aU, 


A three-phase system with a positive counterrotating phase sequence R, B, Y 
results, i.e. a negative sequence system. Figure 1.12 shows the phasor diagram of 
the voltages of the RYB system and the voltage of the negative sequence system. 

Three-phase networks in cyclic terms are generally symmetrically constructed 
and operated. This must therefore also apply to currents with a harmonic 
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Figure 1.11 Vector diagram of voltages in RY B-systems and positive sequence systems 
Zero and negative sequence systems are NIL 
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Figure 1.12 Vector diagram of voltages in RY B-systems and negative sequence systems 
Zero and positive sequence systems are NIL 
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component [3]. If the current ig(t) is represented by a Fourier series in accord- 
ance with Equation (1.29a), 


ia(t) = >. V2I, sin (hoot + gy) (1.29a) 


h=1 
then based on the general correlation 
iy(t) = ig(t — (T/3)) (1.29b) 
ig(2) = ig(t + (7/3)) (1.29c) 


we get the currents i,(t) and i,(t) 


iy(t) = >, V2 I, sin (hoot — h2n/3 + 9) (1.30a) 


h=1 


i(t) = >. V2 I, sin (hot + h2n/3 + 9,) (1.30b) 


h=1 


Therefore the phase angle gy =+h2n/3 between conductors R, Y and B. Where 
the symmetry of the phase-variables is cyclic, the harmonics form positive 
sequence, negative sequence and zero sequence (homopolar components) in 
accordance with their order (h=0, 1, 2,3... ), as follows: 


3h+1_ Positive sequence system 
3h+2 Negative sequence system 
3h Zero sequence system 


In symmetrically-constructed three-phase networks, the currents of the zero 
sequence system flow via the neutral conductor and earth at three times the 
value. Where there is no neutral point earthing, a harmonic component of the 
voltage of the neutral point with respect to earth forms for the corresponding 
frequency. 


1.4.4 Power considerations 


The instantaneous value of the power p(f) in an a.c. circuit is calculated as 


P(t) = u(t) i(0) (1.31) 


with the instantaneous values of the current i(t) and of the voltage u(t). Gener- 
ally, this product has positive and negative values during a period. The mean 
power in accordance with Equation (1.32) is termed the active power. 


T 


P= = | uta (1.32) 


0 
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If sinusoidal current and sinusoidal voltage are assumed, i.e. 
u(t) = V2 Ucos (wt + gy), (1.33a) 
i(t) = V2 I cos (wt + )), (1.33b) 


then as a product of the instantaneous values of the current and voltage the 
following 


p(t) =2UI cos (wt + gy) cos (wt + @,) (1.34a) 
p(t) = Ul cos g + Ul cos (2at + 9) (1.34b) 


apply as the instantaneous values of the power where y = gy + 9}. The power p(t) 
oscillates about the mean value UI cos g at twice the frequency. This mean value 
is the active power P. The product U/is designated the apparent power S. 

If gy or g, in Equation (1.34) is eliminated, we get: 


p(t) = Ul cos g + Ul cos (2mt + 29,) — UT sin g sin (2@t+29,)  (1.35a) 
p(t) = Ul cos g + Ul cos (2@t + 2gy) + Ul sin g sin (2@t+2@y) (1.35b) 


The variable U/ sin g is designated the reactive power Q. It also oscillates at 
twice the frequency, but about the zero-frequency mean value. The reactive 
power is positive if the angle g is between 0° and + 180°, ie. if the voltage leads 
the current. 

In each case the following applies. 


|Ol=VS’ - P? (1.36) 


The quotient of the active power P and apparent power S is called the power 
factor cos 9. 

In the case of non-sinusoidal currents and voltages, described by the sum of 
the fundamental component and harmonics in accordance with the results of 
the Fourier analysis, it should be noted that currents and voltages can convert 
only active power if they are of equal frequency, because the integral for cur- 
rents and voltages of unequal frequency in accordance with Equation (1.32) 
makes no contribution. 


T 


P= = [uot dt (1.32) 


0 


If with non-sinusoidal currents and voltages Equation (1.37) is used, i.e. 


N 
u(t) = >. V2U, cos (kot + Grn). (1.37a) 
k=1 


N 
i(t) = > V21,cos (lait + 91), (1.37b) 
[ea 
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the instantaneous value of the power is calculated as 


N 
P(t)= >. 2U gh cos (ux - Pn) + 


k=l=1 


N N 
+>) >, Udh cos (k+ Dont + Pu + on) + 


> 
" 
" 


N ON 

+ > » Ut, cos ((k — Daait + Pux — Pu) (1.38) 
k=1 T=1 
kel 


The first summand describes the active power, whereby the component with 
k =1=1 represents the fundamental component active power. The summands 
where k=/> 1 render the harmonic active powers. The second summand ren- 
ders the reactive power Q and the third summand the distortive power D. The 
time course of these powers oscillates non-sinusoidally about the zero-frequency 
mean value. The course of the powers can also be shown in more complex 
representations as phasors. The time course is then the projection of the rotating 
phasor on the real axis in accordance with section 1.4.1. Between the powers, the 
correlations 


S=P?+0°+D’, (1.39) 


apply, which can also be represented in diagram form, as shown in Figure 1.13. 


P: 


Figure 1.13 Vector diagram for the definition of different types of power in a.c. systems 
according to DIN 40110 


1.4.5 Series and parallel resonant circuits 


To analyse electrical networks, e.g. an electrical power supply network, it is 
necessary to calculate series and parallel circuits of equipment. 
If capacitances, inductances and resistances are present in this network, the 
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Figure 1.14 Electrical diagram of a series resonance circuit 


corresponding circuit represents a series or parallel resonant circuit. Such 
arrangements are frequently found in electrical power supply networks and it 
must be possible to analyse their behaviour where there are high-frequency 
components in the current and voltage. 

The series resonant circuit shown in Figure 1.14 is considered first [4]. 

The impedance of the series resonant circuit is calculated as follows: 


1 
Z=R+joL-j— (1.40) 
wC 


Resonance is present if the imaginary part of the impedance Z becomes zero. 
This is the case for the resonant circuit frequency @,,, according to the following 
equation. 


Or, == (1.41) 


At resonant frequency the impedance of the series resonant circuit is very small, 
and is limited only by the value of the resistance R. For frequencies w above the 
resonant frequency ,,, the impedance of the series resonant circuit becomes 
inductive and at frequencies w below the resonant frequency ,,, the impedance 
is capacitive. When a voltage is applied to the resonant circuit, the current 
through the resonant circuit increases as the frequency approaches the resonant 
frequency. 

The course of the amount of the impedance of the resonant circuit is shown 
in Figure 1.15. 

The relation shown in Equation (1.42) is called the attenuation A (sometimes 
named d) of the series resonant circuit. 


ge ns (1.42) 


The reciprocal of the attenuation is called the quality Q. A further variable for 
describing a resonant circuit is the bandwidth B. It is defined by two frequencies 
(@, and w_) above and below the resonant frequency @,,, at which the amount of 
the impedance Z has risen to V2 — times the value, relative to the impedance 
value at resonant frequency (see Figure 1.15). The following applies for the 
bandwidth. 
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Figure 1.15 Impedance versus frequency of a series resonance circuit (see also Figure 1.14) 


o,-0.=RIL (1.43) 


The voltage of the individual components of the series resonant circuit 
increases as the resonant frequency is approached. The voltages in this case are 
calculated as: 


UL= ioe U (1.44a) 
Z 
1 
Uc= joCZ U (1.44b) 
By conversion and reference to the applied total voltage U, we get: 
U, C1 Dyes 
U_ Vd? + (al@,,., — 0.) oe 
Uc Be (1.45b) 


U Vd? + (co @yeg — Ooh 


The magnitude of the voltage U,, at the inductivity or Uc at the capacitor is, 
under certain circumstances, in the vicinity of the resonant frequency substan- 
tially greater than the amount of the total voltage U, depending on the quality 
of the resonant circuit. 

For the parallel resonant circuit shown in Figure 1.16 the relationships are 
similar. 


Figure 1.16 Electrical diagram of a parallel resonance circuit 
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The admittance of the parallel resonant circuit is calculated as follows: 


1 1 
Y=—+joC-j 1.46 
L=Ztioe-j (1.46) 


At the resonant circuit frequency 
Ores = == (1.47) 


the imaginary part of the admittance Y becomes zero. The impedance of the 
parallel resonant circuit at resonant frequency is very large and 1s limited only by 
the value of the resistance R. 

For frequencies w above the resonant frequency @,,, the impedance of the 
series resonant circuit is inductive and for frequencies w below the resonant 
frequency ,,, the impedance is capacitive. If a current flows through the reson- 
ant circuit, the voltage on the resonant circuit increases as the frequency 
approaches the resonant frequency. The course of the magnitude of the imped- 
ance of the parallel resonant circuit is shown in Figure 1.17. 

Attenuation d and quality Q of the parallel resonant circuit are defined in a 
similar way to the series resonant circuit. 


1 /L 
= a2 (1.48) 


The bandwidth of the parallel resonant circuit is defined by the two frequen- 
cies w, and w_above and below the resonant frequency @,,,, at which the magni- 
tude of the admittance Y has risen to the ¥2-times value, relative to the value of 
the admittance at resonant frequency (see Figure 1.17) and the impedance has 
thus dropped to the V2-times value. The bandwidth B is calculated as follows: 


o,-@.= URC (1.49) 


Sy 


O O, 0, 


Figure 1.17 Impedance versus frequency of a parallel resonance circuit (see also Figure 
1.16) 
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The current through the individual components of the parallel resonant circuit 
increases as the resonant frequency is approached. The currents in this case are 
calculated as follows. 


=! 1.50a 
* j@LY oe) 

jac 
Ip= a I (1.50b) 

By conversion and reference to the total current J we get the following 
Io Ol Ores (1.51a) 
Sla 
LT Vd? + (10g — yesh) 

[ / 

: Orel (1.51b) 


TL Vd? + (Olde, — Oe) 


The amount of the current J, due to the inductivity or J, through the capaci- 
tor is, under certain circumstances, substantially greater than the amount of the 
total current J, depending on the quality of the resonant circuit in the vicinity of 
the resonant frequency. 


1.5 System conditions 


1.5.1 Voltage levels and impedances 


When considering system perturbations it is necessary to include the impedance 
of the feeding network because, for instance, a non-sinusoidal current at the 
impedance of the infeed causes a non-sinusoidal voltage drop. System perturba- 
tions in this case occur at all voltage levels of power supply systems. The level of 
the disturbance phenomenon is in this case dependent on the ratio of the system 
impedances. 

Figure 1.18 shows a simplified arrangement of the basic design of the elec- 
trical power supply system with respect to the treatment of system perturba- 
tions. In this case, harmonics are considered as disturbance phenomena. 

In examining the three system levels (380 kV and 110 kV as a high voltage 
system, 10 kV as a medium voltage system and 0.4 kV as a low voltage system) it 
is assumed that power stations prefer to supply at the 380 kV level. Power station 
supplies at other system levels do not change the basic method of examination. 

In the 0.4 kV system, a source of harmonics is assumed which feeds any 
harmonic spectrum J,,yinto the system. These currents cause voltage drops Uj 
at the impedance of the feeding transformer and at the series system imped- 
ances. The 10/0.4 kV transformer is connected by one, or more, lines, toa 10 kV 
network node. Other low voltage systems can be connected here by lines and 
transformers, and large industrial consumers or powerful harmonic sources are 
also possible here. 
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(~) 250 MVA ... 1300 MVA 


12 % ... 20 % 
S Impedances (with lines) 
4 380kV S"=50 GVA 
Th 
ee as 
U S, = 630 MVA ... 1000 MVA 0.03 % MVA ... 0.08 % MVA 
Seer uy, = 10 % ... 16 % (6 % MVA ... 9 % MVA) 


110 kV Sy =2 GVA...5 GVA 
hie 


—_ + oO x 
A 
S,= 12.5 MVA ... 63 MVA 0.3 % MVA... 1.2 % MVA 
U, u,= 11% ...20 % (12 % MVA ... 16 % MVA) 
Ynmv 


10kV S'’= 100 MVA ... 500 MVA 
Iimy 
a ae & 
A 


S,= 50 kVA ... 630 kVA 
Gd 2.5 % MVA... 10 % MVA 
Q a 


i MVA ... 12 % MVA 
S, = 630 kVA ... 2500 kVA eee e ) 
u,=6 % 


0.4 kV Sii=2MVA...50 MVA 
Suv 
& YZ = 28 % MVA ... 37 % MVA 


Figure 1.18 Principal diagram of electrical system with different voltage levels with respect 
to perturbations, e.g. harmonics 


U, hLV 


It should therefore be assumed that harmonic currents J,yy are injected into 
the 10 kV system at the 10 kV network node. These currents are superimposed 
with regard to their angular position by the currents fed in from the 0.4 kV 
system and lead to voltage drops U,my at the impedance of the feeding 110/10 kV 
transformer and at the series impedances. This is repeated at the 110 kV level. 
The harmonic currents are thus superimposed from the lower to the higher 
voltage levels, while the voltage drops from the higher system levels also act on 
the lower system levels—the voltage drops are carried over from the higher to 
the lower voltage level. 

If typical values for equipment, as shown in Figure 1.18, i.e. the rated values 
of impedance voltage and apparent power of the transformers as well as the 
impedances of the system, supply lines at the individual voltage levels, are 
considered, it can be seen that the initial symmetrical short-circuit power of the 
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Table 1.1 Details of typical symmetrical short-circuit power in systems 


U, in kV S”,.in GVA 
HV: 380 50 

HV: 110 emer) 

MV: 10 0.1...0.5 
LV: 0.4 0.02...0.05 


individual voltage levels are smaller by approximately one order of magnitude, 
as shown in Table 1.1. 
The impedance ratios of the three system levels then amount to the following. 


ZaviZmviZw = 6... 9%oIMVA: 12... 16%/MVA: 10... 12%/MVA 


1.5.2 Features of the voltage in power systems 


The earliest attempts to specify the parameters of voltage date from 1989, by 
UNIPEDE, which described the actual status in low and medium voltage 
systems. On the basis of this document, CENELEC passed a European stand- 
ard EN 50160 in 1993, which described the features of voltage and frequency in 
public supply systems. This standard has been in force since October 1995. 

It contains a description of the essential features of the voltage in public 
supply systems at the customer connection point (point of common coupling). 
High voltage systems are not considered. The features of the voltage are not 
intended as values of electromagnetic compatibility or as conducted emitted 
interference limits. EN 50160 specifies no electrotechnical safety regulations 
going beyond this and therefore has no VDE classification number. 

The features of the supply voltage for low voltage systems are given in the 
following. 


e Power frequency variation 
Ten-second mean value of fundamental frequency 
50 Hz + 1% during 95% of one week 
50 Hz + 4%/—6% during 100% of one week 


e Voltage level 
Low voltage, three-wire, three-phase systems 
U,, = 230 V between phase conductors 
Low voltage, four-wire, three-phase systems 
U,, = 230 V between phase conductor and neutral conductor 
(up to the year 2003 the voltage band can deviate from this in accordance 
with HD 472 S1) 


e Slow voltage variations 
95% of the ten-minute mean values of the system voltage 
U=U,+10% 
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(up to the year 2003 the voltage band can deviate from this in accordance 
with HD 472 S1) 


e Fast voltage changes 
Au < 5% (up to 10% for short duration several times a day) 
A voltage change of > 10% is defined as a voltage sag 


e Flicker 
P,, <1 for 95% of the week 


e Voltage sags 
Au < 40%; t<1s 
n=10 to 1000 per year, with isolated sags also being of greater duration, 
depth and frequency 


e Short time interruptions 
n= 10 to 500 per year 
t< 1s for 70% of all interruptions 
Design of protective devices up to 3 min 


e Long time interruptions 
n= 10 to 50 per year 
t>3 min 


e Temporary (power system frequency) overvoltages 
Usnax = 1.5 kV between phase conductor and earth for short-circuits on the 


max 


high voltage side of a transformer 


e Transient overvoltages 
Unmax <6 kV 
Rise times in the microsecond range; the energy content of the overvoltage 
is determinant for the effect 


e Voltage unbalance 
95% of the ten-minute r.m.s. values of a week 
Uns = 0.02. U5 


Exception for many a.c. consumers 
Ug 20.03: Ue 


e Total harmonic distortion 
95% of the ten-minute means values of stated table values; 
total harmonic distortion (THD) to h = 40: THD < 8% 


e Interharmonics 
No data 


It should be noted that the tabulated values of the harmonics in EN 50160 

correspond to those of EN 61000—2-2 but are given only up to order h = 25. 
The features of the supply voltage normally change within the stated limits. 

There is, however, a certain probability that features can occur outside the stated 
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limits. It can therefore not be deduced from EN 50160 that the stated values and 
frequencies cannot be exceeded for individual customers or in certain parts of 
the system. The informative annex EN 50160 states the following. 


‘This standard stipulates, for the phenomena for which it is possible, the value ranges 
normally to be expected in which the features of the supply voltage change. For the other 
features, the standard provides the best possible guide values to be expected in systems. 


Although this standard clearly has references to compatibility levels, it is important to 
expressly point out that this standard refers to electrical energy with regard to the fea- 
tures of the supply voltage. It is not a standard for compatibility levels.’ 


1.5.3 Impedances of equipment 


It is necessary to calculate the values of the equipment of electrical supply 
systems in order, for instance, to examine the behaviour of the supply system 
during normal operation (power frequency load flow calculations), in the 
disturbed operating state (short-circuit current calculations) and for higher 
frequency occurrences (harmonics). In this connection, equipment such as gen- 
erators, transformers, lines, motors and capacitors are of interest. Simulation of 
consumers is only necessary in special cases. The calculation of equipment data 
from name plate data or tabulated data is preferred. Various systems of units are 
available for calculation. 


Physical quantities To describe the steady-state conditions of equipment and of 
the system requires four units, i.e. voltage U, current J, impedance Z and power 
S, with the units Volt, Ampere, Ohm and Watt, which are linked to each other by 
Ohm’s law and the power equation. 

If physical quantities are taken to be measurable properties of physical 
objects, occurrences and states from which useful sums and differences can be 
formed, the following then applies: 


Quantity = numerical value x unit 


Relative quantities On the contrary, the unit of a relative quantity is by defin- 
ition unity, i.e. 


Relative quantity = quantity/reference quantity 


Because the four quantities, voltage, current, impedance and power, required for 
system calculations are linked to each other, two reference quantities are 
required to specify a relative system of units. Voltage and power are usually 
chosen for this purpose. This provides the per-unit system which is widespread 
in the English-speaking world. 


Semirelative quantities In the semirelative system of units only one quantity is 
freely chosen as the reference quantity. If the voltage U, is chosen for this, the 
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“%IMVA system is obtained, which is outstandingly suitable for network calcula- 
tions because the values of the equipment can be very easily calculated. Table 
1.2 gives the definitions in the various units. A conversion between the system is 
made using the data in Table 1.3. 

The impedances or reactances for electrical equipment are determined from 
the data of the name plate or from geometrical dimensions. The reactances, 
resistances or impedances should generally be calculated relative to the nominal 
apparent power or the nominal voltage of the system in which the equipment is 
fitted. 

Where the rated transformer ratios do not coincide with the system nominal 
voltages, correction factors must be considered [2]. 


Table 1.2 Definitions of quantities in physical, relative and semirelative units 


Ohm system 
physical units 


%/MVA system 
semirelative units 


Per unit system relative 
units 


No reference 


One reference quantity 


Two reference quantities 


quantity 
Voltage U U{U} U_ {U} 
u=—=-—— - 100% G2 Sl 
Us {Ug} Up {Up} 
Current U i= 1+ Up={I}+ {Up} MVA 1 Ue MN AUal 
Sp [Sp} 
Impedance Z Z. 100 % Z: Ss {Sp} 
= EVA : 'Z= =4{Z. A 
2= 09, '2V ce) VA Tees 
Power S s=S={S}- 100% -MVA ih 
S3 {Sp} 


Table 1.3 Conversions of quantities between %/MVA system and Ohm system 


%/MVA system > Ohm system 


Ohm system > %/MVA system 


oO) ete 1 Ue 
kV % 100 kV 
I; I 1 


kA MVA_ U,/kV 


Z z 1 (YU; 7 
Q” %/MVA 100 \kV 
Si S;, wl 
MVA %-MVA 100 


fifi Ub 


MVA kA kV 
Z Zz 1 
%/MVA Q 
Sk Sk 
%-MVA MVA 


- 100 
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Table 1.4 Calculation of the impedances of electrical equipment in Ohms 


Equipment 


Impedance in positive phase- 
sequence system 


Remarks 


Synchronous machine 
(generator, motor, phase 
shifter) 


7 


Transformer 


Asynchronous motor 


Current-limiting reactor 


Impedance of system 
supply 


Overhead line or cable 


el eZ, 


Shunt reactor 
Shunt capacitor 


Xo = (xq Ure (100% - Sa) 


Reg = 0.05- Xo: Sig = 100 MVA 
Reg = 0.07-X@: Sig < 100 MVA 
Ryg = 0.12:Xq 


Zy = (Ue? Ur )(100% : S1) 


Ry = (Up? UF )(100% : Sz) 
X= V2"; - Ry 


Xu = (lanl ta) (Un! Su) 


Ry =0.1-Xy2 Pato 21 MW 
Ry = 0.15-Xy: Pavip <1 MW 
Ry = 0.42-Xy 


Xp = (U, Ui5)/(100% ° Sip) 


Zq = (1.1 Una) Sta 


Xq = 0.995 Zq 
Rg = 0.1 Xq 
X=Xel 
R=R7-1 

Xp = UF IS. 
Xo = UF IS. 


xq saturated subtransient 
reactance in % 

Sig rated apparent power 

for calculation of i, 

for high voltage motors 

for calculation of i, 

for low voltage motors 


U, rated voltage, 

high voltage or low voltage side 
Sz rated apparent power 
Uy impedance voltage % 
for high voltage transformer, the 
following generally applies: 
X= Z = (Ug: UF) /((100%) - Sr) 


Sim rated apparent power 

Siu = Piw/(1- Cos @) 

i starting current 

lim rated current 

Pup tated active power 

high voltage motors 

low voltage motors including 
connecting cable 


Si) rated apparent power 


Sip = V3- Upp: lo 
hp rated current 
Up _ rated voltage 
u, rated voltage drop 


xq __ initial symmetrical short- 
circuit power at the system 
connection point Q 

Uiq nominal voltage 

if precise values are not known 


X’,, PR’, in Q/km in the circuit 


Sip.Sic rated apparent power 


(three-phase) 
U;, rated voltage 
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Table 1.5 Calculation of the impedances of electrical equipment in %|MVA 


Equipment Impedance in positive phase- 


sequence system 


Remarks 


Synchronous machine Xq = X91 Sg 
(generator, motor, phase 
shifter) 
fag = 0.05: XQ: Sig = 100 MVA 


Ig = 0.07 -Xg: Sig < 100 MVA 
fg = 0.12'Xg 


Transformer Zr = Ul Sit 

Re Un! Ser 

x= 275-7 
Asynchronous motor Xu = Cal ly) (100%/ Sx) 


Ora 
y= 0.1°Xy2 Pp 21 MW 
I = 0.15 +X! Pavip <1 MW 


ty = 0.42 -Xy 


Current-limiting reactor Xp =U, # Sip 


ars 


Impedance of system Zq = 110%/S%q 
supply Xq = 0.995 Z 


Q 
‘i fg = 0.1 XQ 


Overhead line or cable X= (X{- 1 100%) U? 
rf = Ri 1-100%)/U? 


— re 
Shunt reactor Xp = 100%/S,5 
Shunt capacitor Xo = 100%/Si¢ 


x", saturated subtransient 
reactance in % 

Si rated apparent power in MVA 

for calculation of i, 

for high voltage motors 

for calculation of i, 

for low voltage motors 


U, rated voltage, 

high voltage or low voltage side 

Sz rated apparent power in MVA 

U, impedance voltage % 

for high voltage transformer, the 
following generally applies: 

X= Zp = Ul St 


Sm rated apparent power in MVA 

Sim = Pauly Cos @) 

lL, motorstarting current 

hy motor rated current 

Pup rated power 

high voltage motors 

low voltage motors including 
connecting cable 


Sip rated apparent power in MVA 
Sip = V3- Up: ho 

hp rated current 

Up rated voltage 

U, rated voltage drop 


S”.q_ initial symmetrical short- 
circuit power at the system 
connection point Q in MVA 

Urq nominal supply voltage 

if precise values are not known 


X’,, R’_ in Ohm/km in the circuit 

U, — nominal voltage of supply 
system to which the line is 
located 


So:Sic rated apparent power 
(three-phase) in MVA 
U rated voltage 
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Table 1.4 gives an overview for calculation of the impedances of electrical 
equipment in Ohms and Table 1.5 for the calculation in %/MVA. A comparison 
of the two tables shows the great advantage of the %/MVA system, because the 
impedances can be calculated directly from the equipment characteristics (name 
plate data) and the calculation is easier than that of the Ohm system. 

Unit, numerical value and magnitude equations are used for the calculation. 
In this case, unit equations are used, for instance between different systems, in 
order to convert the units (see Equation 1.52) for conversion of impedances 
from the %/MVA system to the Ohm system as follows: 


1 Q= 100/U,2(%/MVA) (1.52) 


Numerical value equations are used for the fast calculation of quantities, 
whereby the particular output quantities may be used only in the defined units. 
Equation (1.53) is an example of the calculation of the initial symmetrical short- 
circuit current with a numerical value equation, as follows: 


"3 = 110/(V3-z,)/U,, (1.53) 


whereby the initial symmetrical short-circuit current J", in kA is calculated by 
using the short-circuit impedance z, in %/MVA and nominal voltage U, in kV. 

Magnitude equations are universally used where quantities with a numerical 
value and a unit (as given in Equation 1.54) for the calculation of the apparent 
power, are to be used, as follows: 


s=Ur (1.54) 


The result is a quantity, i.e. a numerical value with a unit. 


Table 1.6 Characteristics of overhead lines, values per km 
Depiction of a pylon arrangement without an earth wire. 


Pylon shape Conductor U, Resistance Reactance Capacitance 


kV Q/km Q/km nF/km 
fe) 50 Al 10...20 0.579 0.355 B21 99 
om 50 Cu 10...20 0.365 0.355 Cire o 
r-O 
Oo 
e 50 Cu 10...20 0.365 0.423 Bice 
re) 70 Cu 10...30 0.217 0.417 8...9 
OF 70 AI 10...20 0.439 0.345 8...9 
re 95 Al 20...30 0.378 0.368 8...9 
OF 
150/25 110 0.192 0.398 9 


O00} 000 
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Table 1.7 Characteristics of transformers 


Uros/ Uns S, Ue Up, 
MVA % % 
MV/LV 0.05...0.63 4 We 
0.63...2.5 6 Tosa LS 
MV/MV 2.5...25 625.49 Oy arene 
HV/MV 25...63 10... 16 0.6...0.8 


Low voltage: U,< 1kV 
Medium voltage: U,=1kV...66kV 
High voltage: U, > 66 kV 


Table 1.8 Characteristics for cables: resistances per km of a positive sequence 
system at 20°C in Qlkm 


Conductor Resistance in Q/km 
mm? 
Al Cu 

50 0.641 0.387 

70 0.443 0.268 

95 0.320 0.193 
120 0.253 0.153 
150 0.206 0.124 
185 0.164 0.0991 
240 0.125 0.0754 
300 0.1 0.0601 


1.5.4 Characteristics of typical equipment 


To investigate the phenomena of system perturbations, it is often necessary to 
make rough calculations of the impedances of equipment. Because the topic of 
system perturbations is of interest, particularly in medium and low voltage 
systems, the characteristics of typical equipment such as transformers, overhead 
lines and cables from the aforementioned voltage levels are listed in the following 
table. In each case, however, the determining factor is the characteristics of the 
equipment used, which should be taken from name plates, data sheets or test 
records. Further examples for equipment data are given in the following refer- 
ences [4, 5, 6]. 
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Table 1.9 Characteristics for paper-insulated cables: reactances per unit length of 
a positive sequence system in Q/km 


Conductor Reactance in Q/km 
2 


mm 
A B C 
1 kv 6 kV 10 kV 10 kV 20 kV 20 kV 
50 0.088 0.1 0.1 0.11 0.13 0.14 
70 0.085 0.1 0.1 0.1 0.12 0.13 
95 0.085 0.093 0.1 0.1 0.11 0.12 
120 0.085 0.091 0.1 0.097 0.11 0.12 
150 0.082 0.088 0.092 0.094 0.1 0.11 
185 0.082 0.087 0.09 0.091 0.1 0.11 
240 0.082 0.085 0.089 0.088 0.097 0.1 
300 0.082 0.083 0.086 0.085 0.094 0.1 


A) Cables with steel band armouring 
B) Three-core separately-sheathed cable 
C) Single-core cables (triangular laying) 


Table 1.10 Characteristics for cables: reactances per km of a positive or sequence 
system in Q/km; using steel band armouring the reactances are increased by 
about 10% 


Conductor Reactance in Q/km 
2 


mm 
D E 
1 kV 6 kV 10 kV 1 kV 6 kV 10 kV 
50 0.095 0.127 0.113 0.078 0.097 0.114 
70 0.09 0.117 0.107 0.075 0.092 0.107 
95 0.088 0.112 0.104 0.075 0.088 0.103 
120 0.085 0.107 0.1 0.073 0.085 0.099 
150 0.084 0.105 0.097 0.073 0.083 0.096 
185 0.084 0.102 0.094 0.073 0.081 0.093 
240 0.082 0.097 0.093 0.072 0.078 0.089 


300 0.081 0.096 0.091 0.072 0.077 0.087 


D) PVC multi-wire insulated cables 
E) PVC single-core cables (triangular laying) 
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Table 1.11 Characteristics for cables: reactances per km of a positive sequence 


system in Q/km; using steel band armouring the reactances are increased by 


about 10% 
Conductor Reactance in Q/km 
mm? 
F G 
1 kV 10 kV 1 kV 10 kV 
50 0.072 0.11 0.088 0.127 
70 0.072 0.103 0.085 0.119 
95 0.069 0.099 0.082 0.114 
120 0.069 0.095 0.082 0.109 
150 0.069 0.092 0.082 0.106 
185 0.069 0.09 0.082 0.102 
240 0.069 0.087 0.079 0.098 
300 0.084 0.095 


F) XPET multi-wire insulated cables 


G) XPET single-core insulated cables (triangular laying) 


Table 1.12 Characteristics for paper-insulated cables: capacitance per km of a 
positive sequence system in wFlkm 


Conductor Capacitance in pF/km 
mm? 
A B 
1kV 6 kV 10 kV 10 kV 20 kV 
50 0.68 0.38 0.33 0.45 0.29 
70 0.76 0.42 0.37 0.52 0.33 
95 0.84 0.49 0.42 0.59 0.37 
120 0.92 9.53 0.46 0.62 0.4 
150 0.95 0.6 0.51 0.69 0.43 
185 1.0 0.65 0.55 0.78 0.47 
240 1.03 0.74 0.61 0.89 0.53 
300 1.1 0.82 0.71 0.96 0.58 


A) Belted insulating cable 


B) Single-core cables and three-core separately-sheathed cables 
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Table 1.13 Characteristics for cables: capacitance per km of a positive sequence 
system in wFlkm 


Conductor Capacitance in nF/km 
mm? C D 
1kV 6 kV 10 kV 10 kV 20 kV 
50 k. A. 0.32 0.43 0.24 0.17 
70 kK. A. 0.35 0.48 0.28 0.19 
95 k. A. 0.38 0.53 0.31 0.21 
120 kA. 0.43 0.58 0.33 0.23 
150 kA. 0.45 0.63 0.36 0.25 
185 k. A. 0.5 0.7 0.39 0.27 
240 k. A. 0.55 0.83 0.44 0.3 
300 k. A. 0.6 0.92 0.48 0.32 


C) PVC insulated cable 
D) XPET insulated cable 


1.6 Calculation examples 


1.6.1 Graphical determination of symmetrical components 


The corresponding voltages of the symmetrical components (012 system) are 
constructed for the voltage vectors Up, Uy and U, as shown in Figure 1.19. 


{tRe 


+Im 


Figure 1.19 Vector diagram of voltages in RY B-system 
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Figure 1.20 Construction of a vector diagram of symmetrical components based on 
Figure 1.19 


The solution is shown in Figure 1.20. The resultant voltage of the negative 
sequence system is U,=0; with the voltages of the positive and negative 
sequence systems being U, #0 and U, #0 respectively. This is simply due to the 
fact that the three phase-to-earth voltages Up Uy and U; are asymmetrical. The 
three phase-to-phase voltages are symmetrical. If the three phase-to-phase volt- 
ages are likewise asymmetrical then the voltage of the negative sequence system 
is U, #0. 
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1.6.2 Arithmetical determination of symmetrical components 


The corresponding currents in the symmetrical components are calculated for 
the currents of the RYB system: 


In =0 kA; Ig =1 kA +j5 KA: p=-1 KA +j5kA 


Solution: Conversion into polar form gives us: 
Ip = 0 kAe™; I, = 5.01 kA e!®; T= 5.01 kA e131. 
Application of Equation (1.20) for the current gives us: 


I) = (1/3) + Ig + Ip) 
= (1/3)(0 &° + 5.01 &%? +. 5.01 el) kA 
I, = (1/3) + als + aI) 
= (1/3)(0 2° + 5.01 78-6519 4 5.01 cil}. i74) KA 
= (1/3)(0 &° + 5.01 28° +. 5.01 43) kA 
1, = (1/3)(Ig + a's + aly) 
= (1/3)(0 e+ 5.01 e78-.gi4 + 5.0] eil0l 31 .gil2) KA 
= (1/3)(0 e+ 5.01 e*° + 5.01 e") kA 


By resolution we get the following: 


I) = 53.275 kA 
I, =-j1.070 kA 
I, =j2.204 kA 


Taking rounding errors into consideration, it is apparent that the sum of the 
currents of the symmetrical components is, in this case, zero. The current condi- 
tions then apply for a two-phase short-circuit with earth. 


1.6.3 Calculation of equipment 


Calculations for the reactances and resistances are made for the following 
equipment in the %/MVA system and the Q system. 
Synchronous machine: 


Sig = 50 MVA; Ug = 10.5 kV; cos g,g = 0.8; x", = 14.5% 
Two-winding transformer: 


S,p = 50 MVA; U,;ros/ Uztus = 110 KV/10.5 kV; 4, = 10% 
Up, = 0.5% or Py, = 249 kW 


System, at the system connection point Q: 
".q = 2 000 MVA; U,g= 110 kV 
Three-phase XPET cable (N2XSY 18/30 kV 1 x 500 RM/35): 
R’, = 0.0366 O/km;X’, = 0.112 O/km; /= 10 km; U, = 30 kV 
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Short-circuit limiting reactor: 
Up = 5%; Lp = 500 A; U, = 10 kv 


The calculations for the %MVA system or Q system can be performed using the 
conversion equations listed in Table 1.3. 


Solution: Synchronous machine in the %/MVA system: 


XG = X)Sig = 14.5%/50 MVA = 0.29%/MVA 
1g = 0.07 xg = 0.0203%/MVA, since Sig < 100 MVA and U,g <1 kV 


Synchronous machine in the Q system: 


XG = (xp Ui M(S,g:100%) = (14.5%-(10.5 kV))/(50 MVA-100%) 
= 0,2304 QO 
Rg = 0.07-X, = 0.0161 Q 


Two-winding transformer in the %/MVA system: 


Zp = Ug! Sep = 10%/50 MVA = 0.2°%/MVA 
rp = Up,/ Ser = 0,5°%/50 MVA = 0.01%/MVA 
xp =VZ7— = 0.1997 % # MVA 


Two-winding transformer in the Q system: 


Ze = (Ug: Ust0s)(S,¢: 100%) = (10%-(110 kV))/(50 MVA-100%) 
= 24.2 Q, related to 110 kV 
Re = (up, Ustos)/(S,¢-:100%) = (0.5%-(110 kV))/(50 MVA- 100%) 
= 1,21 Q, related to 110 kV 
X,=VZ7— Ri = 24.17 Q, related to 110 kV 


Supply, at connection point Q in the %/MVA system: 


Zg = 110%/S’¢q = 110% # 2 000 MVA = 0.055%/MVA 
Xq = 0.995:29 = 0.0547%/MVA 
ie) = 0. 1 ‘ZQ = 0.0055%/MVA 


Supply, at connection point Q in the Q system: 


Zo = 1.1 Urd(S"cq100%) = 1.1-(110 kV)7/(2 000 MVA-100%) 
= 0.06655 Q 
Xo = 0.995-Zy = 0.06622 Q 
Ro = 0.1-2q = 0.0066 


Three-phase cable (N2XSY 18/30 kV 1 x 500 RM/35) in the %/MVA system: 


r= (R’-1-100%)/U2 = (0.0366 Q/km-10km-100%)/(30 kV) 
=0.041%/MVA 

x, = (X’,-1:100%)/U2 = (0.112 Q/km-10km-100%)/(30 kV)? 
=0.124%/MVA 


Three-phase cable (N2XSY 18/30 kV 1 x 500 RM/35) in the Q system: 
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R, = R’-1= 0.0366 Q/km-10km = 0.366 Q 
X, = X’-1= 1.112 Q/km-10km = 0.12 Q 


Short-circuit limiting reactor in the %/MVA system: 


Xp = Uypl(V3- Up: Lp) = 5%/(V3-10 kV-0.5 kA) = 0.577%/MVA 


Short-circuit limiting reactor in the Q system: 


Xp = (Up: UrpI(N3- U,p Tp: 100%) 
= (5%-(10kV))/(V3-10 kV-0.5 kA-100%) = 0.577 Q 


The impedance in the %/MVA system and in the © system has the same numer- 
ical value as the reference voltage is 10 kV. 
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Chapter 2 


Harmonics and interharmonics 


2.1 Occurrence and causes 


2.1.1 General 


Harmonics occur due to equipment with non-linear characteristics such as 
transformers and fluorescent lamps, and today are principally due to power 
electronics components such as rectifiers, triacs or thyristors. In this regard, 
particular attention should be paid to the use of rectifiers with capacitor 
smoothing which are used extensively in televisions, PCs and compact fluor- 
escent lamps, especially in domestic and office environments. Based on research 
by the VDEW (German Association of Electric Utilities) in the early 1990s, 
25% of domestic loads were attributable to electronic loads; i.e. lighting 3%, 
consumer electronic equipment 21% and controlled drives (washing machines) 
1%. If we further consider that the proportion of domestic loading is 27% of the 
total system load then, for Germany in 1992, domestic electronic loading 
amounted to 6.7% of the total system loading or some 4 GW. This trend is 
increasing. 


2.1.2 Occurrence due to network equipment 


Only multiples of the fundamental frequency occur in equipment with non- 
linear characteristics such as transformers and discharge lamps. As a first 
example, the non-linear H(B) characteristic of a transformer as seen in Figure 
2.1 is explained. The hysteresis is disregarded in this case. 

From a pure sinusoidal supply voltage (without harmonics) 


u(t) = V2 Ucos (wt + 9,) (2.1) 


we obtain from the magnetic flux 


®, = | udt (2.2) 
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the magnetic flux density B in steady-state condition: 
B=d@/dA (2.3a) 
b(t) =V2 B sin (wt + 9,) (2.3b) 


By application of Ampere’s law for the H(B) characteristics of the transformer 
we get 


} Hds= | JdA (2.4a) 
s A 

[rda-0=N1 (2.4b) 
A 


the harmonics-impressed current course 


i(t) = >. V21, sin (ho, t+ Oy) (2.5) 
h=1 


The A(B) characteristic in Figure 2.1 is described using a polynomial of the n-th 


a) BoA 


aty 


Figure 2.1. Graphical determination of the magnetising current of a transformer 
a) time course of voltage and magnetic induction 
b) H(B)-characteristic of transformer with iron core (not to scale) 
c) time course of magnetising current; basic frequency and 3rd harmonic 
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order; n is odd due to the central symmetry (see also section 1.4.2). Therefore, 
harmonics of an odd order / are produced for the current i(t). 

As a second example, the occurrence of harmonics by three-phase generators 
is discussed. The assumption that the voltages produced by three-phase 
generators are truly sinusoidal is essentially incorrect, since this presupposes 
that the individual turns of the stator winding of a synchronous generator are 
distributed evenly over the circumference and are not laid into discrete slots. 

By first considering the course of the induced voltage of a single winding 
(gq = 1) as shown in Figure 2.2a, it can be seen that it is rectangular in shape, as is 
the course of the magnetomotive force. Fourier analysis produces solely odd- 
numbered harmonics for the curve trace. By increasing the number of windings 
q, a stepped curve is obtained for the magnetomotive force or induced voltage by 
summation of the corresponding magnetomotive forces of the individual wind- 
ings as in Figure 2.2b, which are one slot pitch out of phase relative to each 
other. The courses of the magnetomotive force and the induced voltage thus 
approach that of the ideal sinusoidal form, the amplitudes of the harmonics are 
reduced and, in some cases, harmonics are eliminated. 

At present, non-sinusoidal voltages are also generated in electrical energy 


a) 


Pole partition 


} 
Slot partition 


Figure 2.2 Part of a cross section of an electrical machine (not to scale) with magnetic 
induction 
a) single winding (q = 1), basic frequency and 3rd harmonic 
b) three windings (q =3) 
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generating systems using regenerative energy sources. This is due to the fact that, 
for example, photovoltaic systems are connected to three-phase a.c.-systems 
using inverters. In the field of wind energy converters, variable-speed coupling 
using power electronics components is also widespread. Here, the differences 
between supply equipment and consumers with regard to the origin of supply 
perturbations are slight due to the use of power electronics. The occurrence of 
harmonics and interharmonics due to power electronics is explained in the fol- 
lowing section. 


2.1.3 Occurrence due to power electronics equipment 


2.1.3.1 Basic principles 


As explained in section 1.4.2, each period T or 21 periodic time function can be 
shown as a superimposition of sinus- and cosinus-functions (Fourier synthesis). 

The amplitude spectrum of, for example, the voltage during timed switching 
of consumers using phase control (thyristor controller) or multicycle control 
(thermal equipment) can be mathematically described by multiplication of the 
original function 


u(t) = V2U sin (@,1) (2.6) 


with the rectangular switching function S(t), whose spectrum is a function of 
ho, where h=0,1,2.... The original function u(t) contains voltage harmonics 
according to 


u(t) = > \2U, sin (hon,2), (2.7) 
h=l1 
by multiplication with the rectangular switching function S(t) the voltage 
spectrum occurs at the consumer with a frequency according to 


ey ate ge (2.8) 
2n 

In the case of symmetrical phase-angle control with an almost constant control 
angle, as shown in Figure 2.3, w,= 2a, applies. The voltage present at the con- 
sumer contains voltage harmonics of an order according to Equation (2.9) 
where h=1,2,3... 


), = ho, (2.9) 


Interharmonics occur in case of periodically variable control angle strategies. 

As an example, multicycle control is performed using multiples of the system 
frequency as the control frequency. Here is the periodic duration of the 
switching frequency 


T,=mT (2.10) 
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Figure 2.3 Time course and harmonics of a non-sinusoidal voltage; synchronised switching 
where m = 2,3,..., and since 
h 
o= (ut ho, (2.11) 
m 
mainly interharmonics occur. Figure 2.4 clarifies the relationships. 


2.1.3.2 Full-wave rectifier with capacitor smoothing 


The full-wave rectifier with capacitor smoothing shown in Figure 2.5 is first 
considered as an example of the widespread use of power electronics. Starting 
from the steady state at t=0, the system voltage u(t) increases. The voltage on 
the d.c. side falls, relative to the time-constants of the connected load, consisting 
of smoothing capacitor C and load R. If the supply voltage becomes higher than 
the voltage on the d.c. side (irrespective of the conducting voltage of the diodes) 
current will flow, thus charging the capacitor. As the voltage is now lower due to 
re-charging of the capacitor, the higher voltages on the d.c. voltage side bias-off 
the diodes, and the charging current ceases. This process is repeated for the 
negative half-wave of the supply voltage. Time point, time duration and level of 
charge-current pulses are, in this case, dependent on the values of the smoothing 
capacitor and the series impedance. 
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Figure 2.4 Time course, harmonics and interharmonics of a non-sinusoidal voltage; pulsed 
switching 


Figure 2.5 a.c.ld.c.-converter with capacitor smoothing (Graetz-bridge) 
a) electrical diagram with system connection 
b) time course of current and voltages 
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The smoothing capacitor is typically recharged about 2 ms prior to maximum 
voltage being reached. Since all devices operated in the equipment incorporating 
full-wave rectifiers, for example consumer electronic equipment, compact fluor- 
escent lamps or primary timed switched-mode power supplies behave in a simi- 
lar fashion and have roughly the same phase position for their respective order 
of harmonic currents, this results in a pulsed loading of the supply and a high 
harmonic loading. This characteristic is expressed using the co-phasal factor, 
which is defined as a quotient of the geometrical sum to the arithmetical sum of 
the relevant harmonic currents of the same order / of the various consumers. 

Research [1] indicated that by using a number of compact fluorescent lamps, 
whose behaviour is similar to a full-wave rectifier with capacitor smoothing, a 
considerable reduction in co-phasal factor is obtained. The reason for this is that 
compact fluorescent lamps are relatively insensitive to the ripple of d.c. voltage 
and are therefore extremely flexible with regard to the recharging time point and 
duration, while the power supplies of consumer electronics require a more con- 
sistent d.c. voltage and are therefore less flexible with regard to recharge time 
point and duration. The operation of several power supplies with capacitor 
smoothing therefore scarcely reduces the phase angle. 

The measured current course and respective frequency spectrum of the cur- 
rent of a full-wave rectifier with capacitor smoothing (primary timed switched- 
mode power supply) is shown in Figure 2.6. The even-numbered harmonics can 
be disregarded. However, the odd-numbered harmonics up to the higher orders 
contain a significant component. The components of harmonics of orders h = 3, 
5, 7, relative to the fundamental component of current are, J,/[, = 85%; 
I;[T, = 80%; L/T, = 60%. 


2.1.3.3 Three-phase bridge circuit 


Three-phase bridge circuits are now in widespread use in industrial applications, 
in the form of uncontrolled, controlled, six-, twelve- and higher- pulse circuits. 
The basic configuration of a six-pulse, controlled, three-phase bridge circuit is 
shown in Figure 2.7, with which the behaviour of this harmonics generator can 
be clarified. 

By applying a firing pulse and a positive anode-cathode-voltage to the thyris- 
tor it can be brought into a conductive state. A current thus flows from the three- 
phase side of the circuit to the load side. By synchronising the firing pulses, a 
thyristor in both the positive and negative bridge-halves can be brought into a 
conductive state. The sequence of the firing pulses is therefore determined by the 
phase sequence of the input voltage. 

When a thyristor is fired, the current commutates from the active thyristor 
to the newly fired thryistor of the same section of the bridge. Because of 
the time course of the phase voltage of the three-phase system, a negative 
anode-cathode-voltage occurs at the current-conducting thyristor and the cur- 
rent in this thyristor ceases to flow. The commutation time is finite, during which 
both of the thyristors subjected to the commutation process are active. The 
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Figure 2.6 Measured time course and harmonics of a.c.-current of a.c./d.c.-converter with 
capacitor smoothing [5] 
a) measured time course 
b) calculated harmonics 


commutation time is dependent on the actual reactances present in the 
three-phase side. 

Synchronous through-switching with power system frequency of the three- 
phase system from the supply side to the load side produces a d.c. voltage, the 
mean value of which can be varied by altering the gate-controlled turn-on time 
of the thyristors. If the thyristors are fired at the earliest possible moment, the 
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Figure 2.7 Six-pulse three-phase thyristor bridge 
a) electrical diagram 
b) time course of currents and voltages on a.c. side 
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mean value of the d.c. voltage will be maximal and the value reached will be the 
so-called ideal d.c. voltage in accordance with 
3V2 
U,,=—_U (2.12) 
T 

Uis the r.m.s. value of the phase-to-earth voltage of the three-phase side. 

If the gate-controlled turn-on time of the thyristor is retarded relative to the 
earliest possible moment, i.e. the natural commutation time point, then the 
mean value of the d.c. voltage is reduced in accordance with 


3v2 
Us, =——U cos @ (2.13) 
T 


ais the control angle (control angle ~=0° means the natural gate-controlled 
turn-on time). 

If we assume that the load in the d.c. circuit is purely inductive, then a 
current for each 7/3 (120°) will flow in the thyristor branches; the individual 
blocks of each branch are shifted by 7/3 (120°). These current blocks also flow 
in the input lines on the supply side of the three-phase bridge. Fourier analysis 
of the current course on the three-phase side produces harmonics in accord- 
ance with 


h=npt1 (2.14) 


where n = 1, 2, 3,.. . and the number of pulses p is the number of commutations 
occurring during a network period. A three-phase bridge circuit with a pulse 
number of p = 6 is shown in Figure 2.7. 


Harmonics of the orders h=5, 7, 11, 13, ... are generated accordingly. The 
level of harmonic currents is roughly in line with Equation (2.15a): 
L/L, = Uh (2.15a) 


where J, is the r.m.s. value at fundamental frequency 
1/1, = N6/n (2.15b) 


and J, is the r.m.s. value of the d.c. current on the load side. 

The commutating reactances (reactances of the supply system) limit the rise 
of line currents on the supply side. The harmonic currents shown in Equation 
(2.15a) are thereby reduced. The reduction is related to the commutating time or 
overlapping angle zi. The reduction factors r, related to the overlapping angle are 
shown in Figure 2.8. 

The ripple of the d.c. current leads to a further reduction in the harmonics of 
orders h>5 in the six-pulse, three-phase bridge circuit. The reduction in har- 
monics is related to control angle @. The fifth harmonic is exceptional as the 
ripple of the d.c. current leads to a harmonic which is clearly higher in com- 
parison with Equation (2.15a). The control angle too has almost no influence on 
the level of the fifth harmonic. 
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Figure 2.8 Factor r, of harmonic RMS of six-pulse three-phase thyristor bridge related to 
overlapping angle ti; ideally smoothed d.c. current 


If two, six-pulse, three-phase bridge circuits are connected to a supply system 
via two transformers with differing vector groups, e.g. Yy0 and Yd5, as seen 
in Figure 2.9, each three-phase bridge circuit will generate harmonics in 
accordance with Equation (2.14). 

Because of the differing vector groups of the transformers, harmonics of the 
orders h=5, 7, 17, 19 etc. with a phase shift of 180° are transmitted from the two 
transformers to the power supply side. 

These harmonic components are completely quenched, provided that: 


— the transformation ratios and the impedance voltages (commutating 
reactances) of the transformers are equal, 

— all components are symmetrically configured, 

— each of the three-phase bridges are operated using the same control angle, 
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Figure 2.9 Electrical diagram of twelve-pulse three-phase thyristor bridge (series 
connection) with idealised time course of currents 


— the d.c. intermediate circuits have the same level of ripple, 
— the firing pulses are synchronised and 
— the fundamental frequency currents of each three-phase bridge are equal. 


The complete circuit produces solely harmonics of the orders h= 11, 13, 23, 25, 
, in effect acting as a twelve-pulse, three-phase bridge circuit in the supply. 
The current harmonics on the supply side of a transformer of vector group 
Yy0 (or DdO) for example, can for conductor R, be calculated as: 


2v3 1 
Tryy = os i sin wt — 5 sinS@t — 7 sin7ot + 
1. 1. 
+—sinllw@t+—sinl3ar-.. ; (2.16a) 


11 13 


The current for conductor R for a transformer of vector group Yd5 (or DyS) is 
given as follows: 
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2 1 1 
Leyva = —— ud sin wt + — sind@t += sin7o@t+ 
Tt 5 7 


1 1 
+— sinllw@t+—sinl3@t+.. ; (2.16b) 

11 13 

Therefore, the total current for a twelve-pulse converter can be calculated as: 
Trees = Lavy + Lrva (2.17a) 
4N3 7/1, Tse 
Ines =— 1 sinll@t+—sin l3@tt+.. | (2.17b) 
T 11 13 


Twelve-pulse or higher converter circuits can also be achieved by other means, 
which are not dealt with further in this connection. Comprehensive descriptions 
are given in [2, 3, 4] and in other texts. 

Where there are three-phase bridge connections, so-called non-characteristic 
harmonics occur which go beyond the ideal harmonic spectrum dealt with in the 
introduction, which are caused by: 


— dynamic processes, 

— timed firing pulses which are not precisely synchronised, 

— asymmetries of supply system feed, 

— asymmetries of components, particularly of the converter transformer in the 
case of higher-pulse converter circuits. 


The level of this harmonic content normally remains within the range of a few 
percentage points relative to the fundamental component. 


2.1.3.4. Converters 


If instead of the three-phase bridge circuits with a d.c. current circuit or d.c. 
voltage circuit on the load side, as described in section 2.1.3.3, power electronics 
are used to convert the supply-side 50 Hz three-phase system to a three-phase 
system of variable frequency, variable voltage and with any number of phase, 
these are generally referred to as converters. The following are some examples: 


— direct converters without an intermediate circuit, 

— intermediate circuit converters with impressed voltage or impressed current 
in the intermediate circuit and a self-commutated inverter on the load side, 

— intermediate circuit converters with impressed current in the intermediate 
circuit and load-commutated inverters on the load side, for supply of a 
converter motor, 

— subsynchronous converter cascade. 


The principle can be explained using the direct converter shown in Figure 2.10 
as an example. At the supply side, the converter is connected with the six-pulse 
or higher three-phase bridge circuit already mentioned, which produces the 
harmonic spectrum shown in Equation (2.14) and explained in section 2.1.3.3. 


h=npt1 (2.14) 
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Figure 2.10 Electrical diagram of a frequency converter (direct converter ) 


where n=0, 1, 2, 3,.... In addition, currents with frequencies of f; also occur, 

which are linked to frequency f, of the output voltage (load) as follows: 
f=2maf, (2.18) 

where m=0,1,2,3, ... and qg is the number of conductors of the a.c. system of 


the load (number of windings of the connected motor). Because the frequency 

of the system at the load side is variable, under certain circumstances the current 

components with these frequencies are not whole-number multiples of the 

power supply frequency and are therefore designated interharmonic. The r.m.s. 

values of the interharmonics are generally less than 5% relative to the 

fundamental component of current, and decrease with increasing frequency. 
We then get the following frequency spectrum for the direct converter. 
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f=(npt Dfnt2mqf. (2.19) 
where m,n=0, 1, 2,3,.... 

Frequency components with negative characteristics are important because 
their associated rotary field forms a contrarotating torque, and the associated 
currents and voltages represent a negative sequence system. 

The frequency spectrum for the following output values is defined below for 
the converter shown in Figure 2.10: 


Supply converter: number of pulses p = 6; fy = 50 Hz 
Load converter: number of windings of machine q = 3; f, = 7.14 Hz 


The following frequencies (harmonics) f;=(1 p+ 1) fx are generated in the 
supply converter, i.e. in addition to the fundamental frequency of 50 Hz, the 
frequencies of 250 Hz, 350 Hz, 550 Hz etc. are also generated. The frequencies 
occurring in the supply current and load converter amount to f,=+ 2m q f,. 
This results in the frequencies listed in Table 2.1. 

If a pulse converter with a clock frequency in the 100 Hz-kHz range is 
employed as the rectifier on the load side, only high-frequency currents will 
occur, due to the converter on the load side. In general, these will not be trans- 
mitted to the supply side of the converter. Such converters behave as six-pulse or 
higher, three-phase bridge circuits in the supply, depending on the number of 
pulses on the three-phase side. 

Converter circuits with respect to the generation of harmonics and interhar- 
monics are dealt with in more detail in [4]. 


Table 2.1 Example of frequency components in the 
current of a direct converter, given in Hertz 


Frequency component, produced by: 


Supply converter + Load converter = Sum 
50 0.0 50.0 
42.84 7.16/92.84 
85.68 —35.68/135.68 
128.52 -78.52/178.52 
250 0.0 250.0 
42.84 207.16/292.84 
85.68 164.32/335.68 
128.52 121.48/378.52 
350 0.0 350.0 
42.84 307.16/392.84 
85.68 264 .32/435.68 
128.52 221.48/578.52 


Number of pulses of supply converter p = 6; fy = 50 Hz; 
Number of windings of machine (load converter) q = 3; f, = 7.14 Hz 
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2.1.4 Occurrence due to random consumer behaviours 


Powerful harmonics generators, principally used in industrial environments, are 
very predictable in their operation. By contrast, the operation of small con- 
sumers in domestic and light industrial environments can only be described 
using random averaging due to differing user habits. 

The main causes of harmonics in domestic, light industrial and industrial 
environments are shown in Table 2.2. 

Equipment with power ranges of 100 W up to several kW used in domestic 
and light industrial environments are, with few exceptions, designed to run 
on low voltage, a.c. current (single-phase) supplies, while equipment for use in 
industrial environments generally employs three-phase current. The most com- 
mon converter circuit found in low voltage supplies is the full-wave rectifier with 
capacitor smoothing, also known as the peak-value rectifier. This circuit can 
be economically manufactured and is firmly established in the consumer elec- 
tronics market. Rectifiers of this type are used in television sets, video recorders, 
satellite receivers, stereo systems, lighting, personal computers, accumulator 
chargers and, increasingly, also in high-power devices such as washing machines 
and air conditioning units. Compact fluorescent lamps with electronic series 
components behave in a manner similar to full-wave rectifiers in the supply. 


Table 2.2 List of typical harmonics generators in domestic, light industrial and 
industrial use [6, 14] 


Domestic and light industry Industry and power supply companies 


Converters 
Audio and video equipment Induction furnaces 
Halogen lamps Traction supply converters 
Compact fluorescent lamps D.C. telecommunication networks 
Dimmers Regulated three-phase drives 
Mixers and cutters D.C. drives 
Fridges and freezers Machine tools 
Microwave ovens Welding equipment 
Vacuum cleaners Wind energy converters 
Washing machines Photovoltaic systems 
Dishwashers HVDC systems 
Computers 
Pumps 


Non-linear U/I-characteristics 


Fluorescent lamps without electronic Arc furnaces 

series control gear Arc welding equipment 
Incandescent bulbs Gas-discharge lamps 
Small motors Transformers 


Induction furnaces 
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Harmonic voltages in public medium and low voltage supplies, in particular 
fifth-order harmonic voltages, can, to a considerable degree, be linked to the use 
of full-wave rectifiers with capacitor smoothing. Several of the disadvantages in 
relation to the emission of harmonic currents should be noted: 


— widespread propagation due to use in almost all consumer electronic 
equipment, 

— high simultaneity of use (television sets, lighting) in particular in evenings 
and at weekends, 

— high relative harmonic currents (see Figure 2.6), 

— high level of harmonic currents of the same phase angle from various 
equipment (exception: compact fluorescent lamps). 


Figure 2.11 shows the course of the third, fifth and seventh harmonic voltages in 
a 10-kV system (residential area with light industry) for autumn 1995. The 
course of the fifth harmonic shows a typical, relatively flat, almost constant path 
throughout the day, with a very distinct increase during the evening hours, the 
peak being reached between 20.00 and 21.00 hours. Due to the distribution of 
small consumers, none of which contribute in particular to the loading of har- 
monic components, the course of the fifth harmonic is steady, without any 
jumps in the nominal values. The maximum values are attributable to television 
sets as the main cause of the harmonic peaks in the evening. 

However, the course of the third harmonic voltage seen in Figure 2.11 is 
essentially constant. Although currents of the third harmonic are undoubtedly 
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Figure 2.11 Time course of selected harmonics (logarithmic scale) ina 10 kV system 
Saturday, 4/11/95; system load P = 22.3 MW; residential area 
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generated by the full-wave rectifiers, only a small component reaches the pri- 
mary supply due to the extremely high, zero-sequence impedance of the 
10/0.4 kV transformers (Dy or Dz). In contrast, the course of the seventh har- 
monic voltage shows a periodicity of about one hour. This is clearly due to the 
effects of an industrial consumer which is also the underlying cause of the 
random course of the fifth harmonic voltage. 

The causes are more clearly seen by measuring the fifth harmonic voltage over 
the course of an entire week. As an example, Figure 2.12 shows the course of the 
fifth harmonic voltage over one week in July for a 10 kV system with a system 
load of 8.7 MW. It relates to a purely residential area on the outskirts of a city. 

In Figure 2.12, the course of the fifth harmonic voltage from Monday to 
Friday morning is identical. The daily time-course which was shown in Figure 
2.11 and discussed in the introduction is reflected here. The level of the fifth 
harmonic voltage increases to a maximum and the curve trace is flatter at the 
weekend. The increase in the maximum levels on both Saturday and Sunday 
afternoon can clearly be seen, and are attributable to altered user behaviours 
(television sets). The increase in the level of harmonics at the weekend can also 
be attributed to the reduced loading on the supply network, which affects the 
attenuation of harmonic voltages. 


2.1.5 Telecontrol signals 


With telecontrol systems, control signals are transmitted via the mains to tele- 
control receivers; e.g. for tariff meter switching, for lighting control or for 
alerting personnel. Older systems predominantly operate in the frequency range 
of 110 Hz to 3 kHz, whilst modern systems operate in the range of 110 to 
500 Hz. The operating frequency in the range below 500 Hz lies mainly between 
the typical harmonics, and in the range above 500 Hz, at harmonic frequencies 
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Figure 2.12 Time course of 5th harmonic (linear scale) ina 10 kV system 
Measured from 11/7 till 1817194; system load 8.7 MW; residential area 
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Figure 2.13 Pulse characteristic of mains control telegram; times in ms 
a) fixed length of telegram 
b) variable length of telegram 


which are not generated by three-phase bridge circuits in steady-state condition. 
Telecontrol signals are transmitted as short-duration impulse telegrams contain- 
ing the relevant telecontrol frequencies. The total duration of the telegram is 
about one minute. Figure 2.13 shows two examples of telecontrol signals (the 
r.m.s. value of the telecontrol voltage is shown). Telecontrol signals should be 
considered as harmonics or interharmonics in respect of perturbations depend- 
ing on the telecontrol frequency. The relationship of the functional voltage and 
control voltage in respect of the transmitter frequency f, is defined in EN 61037 
(VDE 0420 part 1: 1994-01). The control voltage U,,,,, is the impressed voltage 
of the telecontrol transmitter in the supply, and the functional voltage U; the 
voltage of the telecontrol receiver with which it communicates. The following 
relationships apply: 


U, 
"58 to f>250Hz (2.20a) 
U; 
~250)-7 
v2 ufs + oa to f,=250 Hz to 750 Hz (2.20b) 


Unix 
ape >15 to f£>750Hz (2.20c) 


f 
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2.2 Description and calculations 


2.2.1 Characteristics and parameters 


Because of the physical relationships, active power can only be generated 
between currents and voltages of equal frequency. Harmonic currents can only 
convert alternating powers with voltages of other frequencies and thus also with 
the fundamental component of voltage. Assuming that the voltage is purely 
sinusoidal, the apparent power of a current containing harmonics and a 
sinusoidal voltage is calculated according to 


S= Tacs > i) (2.21) 
h=1 
with the active power P, and the reactive power Q, of the fundamental compon- 
ent of current and the distortion content D of the current harmonics according 
to 


P,=UI, cos 9 (2.22a) 
O,=UlI,sing (2.22b) 


D= v,| >a (2.22c) 
h=1 


The quantities can be represented in a right-angled system of co-ordinates as 
shown in Figure 2.14. 

If voltages and currents are not sinusoidal, it must be noted that active power 
is also converted by the harmonics of equal frequency in current and voltage. 
(See also section 1.4.4.) 

The following definitions (valid for currents and voltages) of relative values, 
shown here in Equation (2.23a) to Equation (2.23c) using current as an example 
are determined as follows, according to DIN 40110: 


P 


Figure 2.14 Vector diagram of different parameters of electrical power in a.c. systems 
according to DIN 40110 
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— rm.s. value Tas a root of the quadratic sum of the harmonic currents. 


I= / Sel (2.23a) 
h=1 


— Fundamental component content g as a quotient of the rm.s. value of the 
fundamental component to the total r.m.s. value. 


g=L iI (2.23b) 


— Harmonic content k or harmonic distortion factor as a quotient of the r.m.s. 
value of the harmonics of the total r.m.s. value. 
WFR, 
ia Nl =e (2.23c) 
The THD (total harmonic distortion) is not defined in DIN 40110 and is 
calculated as a quotient of the rm.s. value of the harmonics relative to the 
fundamental component r.m.s. value. 


(2.23d) 


To assess the harmonics of certain orders, THD weighting factors can be intro- 
duced into the calculation of the harmonic distortion (see draft IEC 1000—3-4). 
The characteristics determined in this way are known as the partial weighted 
harmonic distortion (PWHD). 


40 
PWHD=,| > A(L/L) (2.23e) 
n=14 


Despite the absence of a definition in DIN 40110, the THD and not the 
harmonic content k (previously harmonic distortion factor) are currently used. 
The power factor 2 as a quotient of the active power and the apparent power 
applies generally for non-sinusoidal currents and voltages according to 
P 
VP? + Of + D’) 


(2.23f) 


The displacement factor cos 9, as a quotient of the active power relative to the 
fundamental apparent power is defined as the fundamental power factor in the 
case of sinusoidal voltage and non-sinusoidal currents. 


P 


The power factor and displacement factor quantities are shown in addition to 
the power quantities in Figure 2.14. 


(2.23g) 
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On the basis of the THD of the voltage, which is also known as the distortion 
factor d, 


n 


d= >(F) (2.24) 


h=2 
the distortion factors d;,; and d,,, are calculated according to Equation (2.24b) 


and Equation (2.24c) to estimate the effects of the harmonics on inductances 
and capacitances. 


U, 2 

dy = ( -) 2.24b 

a bee (2.24b) 
n U 2 

do= > (r2) (2.24c) 
h=2 U, 


The various iron-core qualities are taken into account by the exponent @, which 
is usually between 1.5 and 3. 

To describe the superimposition of harmonic currents from various causes, 
the co-phasal factor k,, according to Equation (2.25) is defined as the quotient 
from the geometric to arithmetical sum of the currents under consideration. 
According to the definition, k,,, is always < 1. 


top 


LI 


base 
Koh = 


(2.25) 


top 


Dalal 


base 


2.3 Harmonics and interharmonics in networks 


2.3.1 Calculation of networks and equipment 


Calculations of harmonics and interharmonics in electrical networks may be 
performed to analyse disturbances, to plan and design compensation systems or 
to calculate the propagation of telecontrol signals. It is assumed that the system 
is in a steady state. In this case calculation methods can be used in both the time 
and frequency range, see also [14, 15]. 

For analyses in the time range, the system state is determined by the node 
voltages and branch currents, the relationship of which is described using a 
system of differential equations. This can be solved by the normal numerical 
methods. The result is the calculated time course of current and voltage in 
discrete time intervals. The method enables all the processes in a network to be 
calculated, including those of the controller. Non-linearities in the equipment 
and consumers can be allowed for. To determine the harmonics in the steady 
state, the time courses up to decay of the transient reactions must be calculated. 
The harmonic content can then be determined with the aid of Fourier analysis. 
To justify the high modelling cost, the long calculation times and the demand on 
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memory capacity, methods are used in the time range, preferably to calculate 
transient occurrences in physically small networks with a small number of 
converters. 

If it is necessary to calculate the steady state harmonics in extended networks, 
the calculation method is used in the frequency range. For this purpose, the 
differential equation system (time range) is converted to a complex algebraic 
equation system (frequency range). The harmonics in the frequency range can 
be represented by complex phasors, which can be described by the amount and 
phase angle or by real and imaginary parts. There is also an analogy here to the 
considerations of the Fourier analysis in section 1.4.2. 

In the following, a closer consideration is given to the process of linear har- 
monic analysis, where the required data can be taken from the name plate data 
of the equipment in the same way as for load flow and short-circuit calculations. 
Perturbations of non-linear consumers with each other, and non-linear effects, 
such as iron-core saturation of transformers, cannot be simulated by a process 
of linear harmonic analysis. The harmonic currents of non-linear consumers are 
considered as constant impressed currents. This assumption is justified because 
the harmonic currents in the area of the usual distortion factors (harmonic 
content) of the voltage is almost independent of the voltage waveform. 


2.3.2 Modelling of equipment 


The transmission behaviour of equipment and loads is linearly modelled and 
described by the node admittance matrix, which must be calculated separately 
for each frequency to be considered. Three-phase calculations are carried out in 
three-phase components, as well as single-phase in symmetrical components. To 
determine harmonics in electrical power supply systems, it is generally sufficient 
to carry out single-phase calculations in symmetrical components and to model 
positive sequence, negative sequence or zero sequence systems, depending on the 
order of the harmonics to be determined, or the direction of rotation of inter- 
harmonics. The voltage harmonic content is then calculated on the basis of the 
impressed harmonic currents. 

The equipment should be modelled from the available characteristic data, 
which is also necessary for other network calculations. Calculations in the range 
of interest up to the 40" harmonic should be possible, with an increased model- 
ling accuracy being sought in the frequency range up to about | kHz. Cables, 
overhead lines and transformers are simulated by z equivalent circuits (con- 
ventional or based on the line equations). In contrast to the T equivalent circuit, 
no new nodes occur. 

The equivalent circuits for cables and overhead lines take account of the 
quantity per unit length of capacitance, inductance and resistance, which can be 
determined from the conductor cross-section, arrangement and material and 
also the type of insulation. The conventional z equivalent circuit can be used for 
overhead lines up to 250 km long, for cables up to 150 km, divided by the 
harmonic order h. The accuracy of the modelling in this case reduces with the 
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increase in frequency and line length. If an increased accuracy is required, the 
line must be divided into sections and the individual z equivalent circuits must 
be connected in series. The z equivalent circuit based on the line equations, 
which describes the transmission property of a line without additional model- 
ling expense, is better suited to investigating harmonics. The normal lines up to 
approximately 2 km in low and medium voltage networks are described in the 
frequency range up to 1 kHz by the conventional z equivalent circuit. 

Transformers are also modelled by a z equivalent circuit with ideal trans- 
former ratio. The parameters of the equivalent circuit are determined from the 
vector group, transformer ratio and the quantities determined from the short- 
circuit and open-circuit measurements. Because the natural resonant frequencies 
of transformers are above 5 kHz and the winding capacitances are relatively 
small compared to line capacitances, the winding capacitances are not simu- 
lated. The vector group and phase rotation of transformers should be con- 
sidered with regard to transmission of harmonics over different network levels. 

Generators, motors and the network supply represent consumers for harmon- 
ics investigations whose 50 Hz source voltages are considered as short-circuited. 
The equivalent circuits are based on the (subtransient) short-circuit data. 

To correctly stmulate possible resonances of superimposed network levels, it is 
necessary to represent these by a parallel resonant circuit, which contains the 
short-circuit impedance of the network supply, the sum of the distributed line 
and compensation capacitances, as well as the resistance resulting from the 
active load. Pre-emphasis of the voltage in superimposed network levels is 
simulated by equivalent current sources or equivalent voltage sources of a cor- 
responding frequency. 

Linear active loads represent the attenuating components of the network, 
which can be simulated as a close approximation by a purely ohmic resistance 
corresponding to the active power content at the load. Inductive loads can be 
represented by a parallel inductance according to the reactive power content of 
the load. The capacitive content superimposed by the inductive fundamental 
reactive power cannot usually be determined from the load data. It can be 
estimated using load factors based on operating experience. 


2.3.3 Resonances in electrical networks 


If one assumes, when considering the effect of harmonics and interharmonics in 
electrical power systems, that during the operation of equipment generating 
harmonics or interharmonics the voltage harmonics produced at the connection 
point are of interest, this problem can be usually reduced to a simple structure as 
shown in Figure 2.15. Because the processes for harmonics and interharmonics 
in this investigation are identical, the harmonics are considered in the following 
by way of example. The same applies in each case for the interharmonics. 
Generally, such a power supply structure consists of a supply via a trans- 
former from a network with a higher voltage level. At the connection point, or 
point of common coupling, loads other than those generating harmonics, such 
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Figure 2.15 Power system diagram indicating a simplified structure of electrical power 
supply scheme to industrial consumers 


Figure 2.16 Electrical diagram for the power system. See also Figure 2.15 


as ohmic and motor consumers, are connected. A capacitor bank is often used 
for reactive power compensation. The aforementioned ohmic and motor con- 
sumers are sometimes connected to the point of common coupling by cables. 
The cable capacitances and the capacitors must be taken into account in the 
investigation. 

For a further investigation of the processes with regard to harmonics, the 
equivalent circuit of the network in the positive sequence system, shown in 
Figure 2.16, is used. It is known that the inductive supply and the capacitive 
reactive current compensation, or the cable capacitances, from the point of view 
of the harmonics generator, form a parallel resonant circuit at the point of 
common coupling, which is attenuated by the ohmic content of the supply and 
of the loads. Equation (2.26) is often used to supplement the calculation of the 
resonant frequency according to Equation (1.41), 


Se =fNSJ(u,Q0), (2.26) 


with the rated apparent power S, and short-circuit voltage u, of the supplying 
transformer and the rated power Q- of the capacitor bank. 
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Figure 2.17 Impedance versus harmonic order at the point of common coupling (PCC) of 
the power system. See also Figure 2.15 


The effects of the current harmonics can be calculated after this initial 
investigation. The equations determined in section 1.4.5 are used for the descrip- 
tion. The course of the impedance at the point of common coupling is shown in 
Figure 2.17. 

The impedance of the parallel resonant circuit increases, starting from the 
impedance of the inductive supply in the case of low frequencies, to the max- 
imum value at the resonant frequency f,.,, but again reduces with further 
increases 1n frequency and approaches the impedance of the capacitive part. The 
impedance at the resonant point is equal to the impedance of the supply 
multiplied by the quality Q or divided by the attenuation d. 

oL 


Zaeel = — a7 
Zresl q (2.27) 


If one assumes that the harmonic currents are impressed currents, these coincide 
with an impedance value, which is increased compared with the impedance of 
the supply or compared with the impedance of the capacitances, in the fre- 
quency range 

Ses Ste Ne (2.28) 
V2 res . 
and thus also result in increased voltages. The motor loads, represented by their 
inductivity, lead to a shift in the resonant frequency to lower frequencies. How- 
ever, this effect is relatively slight, taking account of the impedance values of the 
supply and the motor loads. 

Substantially greater effects on the impedance at the system connection point 
are caused by a change in the capacitor rating, e.g. by a stepped capacitor bank. 
Figure 2.18 shows the change in the impedance course where the capacitor bank 
can be switched in steps from QO. = 100 kvar to 550 kvar. In the network under 
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Figure 2.18 Impedance versus harmonic order at the point of common coupling (PCC) of 
an industrial system 
S”, = 23.8 MVA; switched capacitors 0, = 100 kvar .. . 550 kvar (5 steps) 


consideration (short-circuit power S”,=23.8 MVA at the point of common 
coupling), the resonant frequency changes in the f,., = 304 Hz to 780 Hz range. 
Considering the impedance increase according to Equation (2.28), resonance- 
related voltage increases must be expected in the f= 214 Hz to 1103 Hz range 
(harmonic orders h=5 to 22). 

The voltage increase at harmonic frequencies leads to a high current loading of 
the capacitors, 


Iq,= Uh @,C, (2.29) 


because the impedance of the capacitor drops with rising frequency. These 
currents can sometimes be greater than the impressed harmonic currents and 
cause damage to the capacitor. 

Up to now the impedance of the power system has been considered from the 
point of view of the harmonics generator at the point of common coupling with 
impressed harmonic currents, in the following it is considered from the point of 
view of the supplying network. Figure 2.19 shows the equivalent circuit in the 
positive sequence system of the power system according to Figure 2.15. 

Inductive impedance of the supplying transformer and capacitive impedance 
of the capacitor are now in series and form a series resonant circuit which is 
attenuated by the ohmic content. The course of the impedance is shown in 
Figure 2.20. 

The impedance of the series resonant circuit drops, starting from the imped- 
ance of the capacitor at low frequencies, to the minimum value at the resonant 
frequency, but rises again with a further increase in frequency and approaches 
the impedance of the reactance of the supply. The impedance at the resonant 
point is equal to the impedance of the supply, divided by the quality OQ or 
multiplied by the attenuation A. 


[Ze] = oLd (2.30) 
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Figure 2.20 Impedance versus harmonic order at HV connection of the power system; see 
also Figure 2.19 


Even where there are small voltage harmonics in the supplying networks, large 
harmonic currents flow through the transformer into the capacitor system and 
can also damage the capacitors. 

The influence on the resonant frequency of a compensating system switched 
in steps is similar to the examination of the parallel resonant effect. 


2.4 Effects of harmonics and interharmonics 


2.4.1 General 


Because of the impedance relationships in electrical networks, the current har- 
monics from secondary networks can be regarded as impressed source currents 
and the voltage harmonics from primary networks can be regarded as impressed 
source voltages (see also section 1.5.1). In this case, the harmonics superimpose 
on each other vectorially. Because the third harmonic and its multiples form 
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zero phase-sequence systems, these do not generally pass from the low voltage 
network to the superimposed medium voltage network, because the zero 
sequence system cannot be transmitted due to the vector group and earthing of 
the supplying transformers (Dy or Dz). Because of the actual finite zero imped- 
ance of the delta windings, or of the non-earthed windings in the neutral point, 
up to a maximum of 20% of the harmonics of the zero sequence system is 
transferred into the superimposed voltage level. 


2.4.2 High-energy equipment 


On three-phase a.c. motors and generators, current harmonics cause additional 
temperature rise and develop disturbing moments similar to the fundamental 
components of current of the negative sequence system J/,, during starting. For 
this reason, the total r.m.s. value of the current harmonics /, and fundamental 
components of current J,, of the negative sequence system produced at the 
motor short-circuit inductance by the voltage harmonics, as per 


T=,/P) +> P, (2.31) 
h=1 


according to EN 60034—1 (VDE 0530 part 1:1995—11), Table 7 may not exceed 


| /U,\2 I 
T=,/ U*,,+ (4). 2.32 
21 ms i U, ( a) 


Ts (0.05. . 0.1) Ling (2.32b) 


In this case small values apply for directly-cooled machines and for machines 
with a greater rating (up to 1.6 MVA), large values are permissible for indirectly- 
cooled motors. The torque M of asynchronous motors is proportional to the 
square of the r.m.s. values of the stator voltage U, 


U2 
M~—, (2.33) 
nX, 
and for synchronous machines is proportional to the stator voltage U as follows: 
U, sin 0 
M ~ U-—_,, (2.34) 


nX4 


Harmonics in the voltage result in synchronous or counter-rotating torques 
depending on the order (see section 1.4.3) of the harmonic. 

Multiples of the third order form zero sequence systems but no torques, 
because these are pure alternating fields. The higher-frequency rotating fields 
lead to uneven running of machines due to the higher-frequency torques, which 
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Figure 2.21 Voltage space vector in an LV system 
basic frequency 
—--—-— basic frequency and Sth harmonic U,/U, = 0.05 


has the effect of disturbing noise and vibrating moments. Oscillations can, 
under certain circumstances, also be induced between the individual masses on 
the generator or motor shaft. 

Figure 2.21 shows the course of the space vector of the voltage for a low - 
voltage network, where the amount of the fifth voltage harmonic U; is equal to 
5% of the fundamental component of voltage U,. The change frequency of the 
voltage rotation vector is 6 x fj, i.e. equal to the difference between the funda- 
mental component frequency (positive sequence system) and the fifth harmonic 
frequency (negative sequence system). 

For capacitors, the total r.m.s. value of the current caused by the voltage 


harmonics, according to 
T=0,C,] > (hU,? (2.35) 
h=1 


as per EN 60831—1 (VDE 0560 Part 46: 1997-12), must not exceed 1.3 times the 
rated current, or 1.5 times the rated current if capacitance tolerance of 1.15 x C, 
is assumed. 

Furthermore the rise in the dielectric losses 


P,= Utha,C tan, (2.36) 


which increase in proportion to the square of the voltage, should also be noted. 
Otherwise the following applies for the voltage. 
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fal 7) 2) < 1,44 (2.37) 


n 


The maximal permissible voltage, according to EN 60831-1 (VDE 0560), 
depends on the duration of the voltage stress, as given in Table 2.3. 


Table 2.3 Permissible voltage stress of capacitors 
relative to the stress duration 


Voltage Unax TiMe Tmax 
U<1.0x U, Permanent 
Us1.1x U, 8 hours/day 
U<1.15x U, 30 minutes/day 
U<1.2x U, 5 minutes/day 
U<1.3x U, 1 minute/day 


Lines (overhead wires, cables and rails) experience a higher stress due to har- 
monics, depending on the frequency and therefore a local temperature rise which 
is increasingly pronounced from about 1000 Hz due to the skin effect. In net- 
works with a fourth conductor (low voltage system types TN and TT according 
to IEC 364-3 (VDE 0100 Part 300)) as a return conductor this can lead, where 
harmonic components are present in the voltage, to a current with a frequency 
of 150 Hz in the neutral conductor. Where there is a high degree of non-linear 
consumers, higher stress of the neutral conductor compared with the phase 
conductors can occur. Figure 2.22 shows, as an example, the frequency spectrum 
of the current in a low voltage system that almost exclusively supplies PCs, 
displays and compact fluorescent lamps in an office building. 

Where there is no neutral conductor, a displacement voltage with respect to 
earth with a corresponding frequency forms in the neutral point of the network. 
Sometimes currents containing harmonics have a larger di/dt at the zero crossing 
than a corresponding sinusoidal current with an equal r.m.s. or peak value. This 
can reduce the quenching capability of circuit breakers. Vacuum circuit breakers 
are less susceptible to this than magnetically-blown switches. Fuses are generally 
less susceptible to harmonics, where only a premature tripping occurs relative 
to the rated value, which in view of the additional temperature rise of the 
equipment to be protected can be very desirable. 

With transformers, operation at non-sinusoidal voltage and/or with non- 
sinusoidal current leads to increased ohmic losses and also to a rise in the eddy 
current losses and hysteresis losses. Monitoring the current loading of the trans- 
former compensating winding can also be problematic (delta circuit), if only the 
current in the neutral winding is measured, which would mean that the content 
of the third harmonic would not be detected. 

Inductive voltage transformers can become saturated due to harmonics, thus 
substantially increasing the transformation error. Current transformers are 
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Figure 2.22 © RMS-values of harmonics (related to highest harmonic) of load current in a 
TN-system (0.4 kV), line currents in conductors L1, L2, L3, current in 
neutral conductor N 


generally less sensitive in this case, with only the phase-angle error being 
detrimentally affected. This needs to be considered for measuring harmonics. 


2.4.3 Network operation 


Medium voltage systems (6 kV to 30 kV, sometimes up to 110 kV) are often 
operated with earth-fault compensation (Petersen coil). This means that the 
inductance of the earth-fault compensation coil is set almost in resonance with 
the conductor-earth capacitances of the system. The earth-fault residual current 
Tres flowing through the fault point is very small and, due to overcompensation, 
is inclined to become ohmic-inductive. This makes the quenching of the earth 
fault considerably easier in the case of faults in air. The harmonic content of the 
current occurring at the earth fault point due to the presence of harmonics in 
the voltage can not be compensated for and becomes superimposed on the 
supply-frequency earth-fault residual current, as follows: 


Trest =i(Bu,0c(1 ~ (2.38) 


ow’ LopC +) 


Harmonics and interharmonics 77 


VDE 0228 Part 2:1987-12 stipulates limits for the quenching capacity of ohmic 
earth-fault residual currents Jp. and capacitive earth-fault currents J¢¢. For 
systems where U, = 20 kV these amount to: 


Tres < 60 A and Ic¢p $ 36A 


The r.m.s. value of the displacement voltage at the arc-suppression coil is used 
for automatic tuning of the Petersen coil. This is changed by the voltage har- 
monics in the system and correct tuning of the Petersen coil is therefore 
hampered. 


2.4.4 Electronic equipment 


Electronic equipment can be affected not only by voltage harmonics but also by 
other system perturbations to the extent that proper functioning is impaired or 
the equipment is damaged. 

Causes of the effects due to harmonics are the shifting of the zero crossings 
and the occurrence of multiple zero crossings. Because of this malfunctions can 
occur on equipment which has to detect zero crossings of voltage, e.g. in con- 
verter control systems, synchronising devices and equipment for parallel switch- 
ing. Sometimes the cause of the disturbance and the disturbed consumer can be 
one and the same. 

The proper functioning of telecontrol receivers, which nowadays are designed 
as electronic equipment, can be impaired by harmonics or interharmonics if the 
harmonic level exceeds the limits stipulated in EN 61037 (VDE 0420). The limits 
are all above the compatibility levels stated in the different parts of EN 61000 
(VDE 0839). 

The propagation of telecontrol signals, and thus the correct response of tele- 
control receivers, depends on the particular network impedances. In particular, 
the interaction of impedances of inductive supplies and capacitive network 
parts such as capacitors for reactive power compensation (which from the point 
of view of the input telecontrol signal form series resonance circuits) must be 
considered to ensure an adequate signal level at the customer system. Because 
these are network-specific processes which are a direct consequence of ‘inter- 
harmonic’ or ‘harmonic’ system perturbations, this phenomenon is not dealt 
with further in this book. For further information, see [16] 


2.4.5. Protection, measuring and automation equipment 


The effect of system perturbations on protective equipment such as distance 
protective devices, overcurrent protective devices and differential protective 
devices, depends heavily on the construction and operation of the equipment. 
Data and information from the manufacturer are necessary for planning systems 
and tracing disturbances. The effect on triggering devices for low voltage and 
medium voltage circuit breakers is given in the following as an example. 
Analogue triggering devices for overload protection are particularly vulner- 
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able to harmonics because the current-proportional voltage course u(t) after the 
peak value filter depends only on the peak value of the current J. The peak value 
is in a defined relationship to the r.m.s. value only with sinusoidal current. 
Figure 2.24a is a block diagram of an analogue tripping device and also shows 
current and signals. For the sinusoidal current course shown in Figure 2.23a, the 
tripping device can be set precisely to a defined r.m.s. value of current which 
causes it to trip if overshot. 

In the case of the non-sinusoidal current shown in Figure 2.23b, the content 
of the third harmonic was chosen so that the peak value of the total current is 
less than the peak value of the fundamental component according to Figure 
2.23a. According to Equation (2.23a), the total rm.s. value of the current 
applied to the equipment is greater. The peak value filter determines a voltage 
proportional to the peak value of the current, which as a measure of the r.m.s. 
value of the associated current represents a value which is too small. In this case 
the tripping device would not trip, which would mean that the equipment to be 
protected would be subjected to excessive stress under certain circumstances. 

This tendency of analogue tripping devices to malfunction can be rectified by 
using digital tripping devices. In this case, the rm.s. value of the voltage pro- 
portional to the current is formed by sampling the rectified measurement signal. 
To do this, it is sufficient to sample the measuring signal at approximately | kHz. 
The tripping of the A/D converter must not exceed 12 bit. Figure 2.24b is a 
block diagram of a digital tripping device. 

The influence of harmonics on the accuracy of induction meters is consider- 
able. Harmonics can also cause mechanical oscillations because the natural fre- 
quency is in the f,,, = 400 Hz to 1000 Hz range. Electronic meters should be used 
in systems with a high harmonic content. Their accuracy depends mainly on the 
sampling frequency used and the resolution accuracy. Measuring instruments 
for other purposes should be checked for suitability of use with non-sinusoidal 
quantities. 


2.4.6 Loads and consumers 


Harmonics shorten the service life of lamps by increasing the filament tempera- 
ture. In the case of fluorescent lamps and other gas discharge lamps, harmonics 
can lead to a disturbing level of noise. It should also be noted that fluorescent 
lamps are often fitted with capacitors for reactive power compensation. In this 
case, the effect of the overloading of the capacitors (see section 2.4.2) should be 
noted. Furthermore the capacitors, together with the inductive load, form a 
resonant circuit. The resonant frequency for individual compensation is a max- 
imum of 80 Hz, and thus resonant excitation is not expected [6]. For group 
compensation the resonant frequencies can sometimes be higher. This must be 
considered on a case-for-case basis in the planning phase. 

Disturbances of power equipment and information technology equipment 
can cause secondary damage in industrial systems. In this case, the uncontrolled 
shutdown of equipment and production processes must be considered, as this 
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Figure 2.23 Current and voltage signals in an analogue cut-out 
a) sinusoidal load current; signals 
b) consumer current with 3 harmonic; signals 


secondary damage can often be many times greater than the cost of counter- 
measures to reduce harmonics. 

Where the distance between overhead lines and telephone lines is small, 
speech transmission can be distorted. The human ear is most sensitive in the 
1 kHz to 1.5 kHz range. Particular attention must therefore be paid to harmonics 
in the 20" to 30" order. These cause inductive, capacitive and galvanic couplings 
(local increase in the reference potential). 
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Figure 2.24 a) Block diagram of an analogue cut-out 


b) Block diagram of a digital cut-out 


A psophometric weighting of the various current and voltage harmonics by 
the telephone interference factor TIF is used to assess the harmonics: 


n 


(Kien) 
C 


1 


using the weighting factor 


(2.39) 


Harmonics and interharmonics 81 


1.0 


0.5 


1 2 3 5 1000 2 3 Hz 5000 


f— 
Figure 2.25 Weighting factor k,, for determination of TIF (telephone interference factor ) 


Kee = Pre Shs (2.40) 
P; (see Figure 2.25). 


2.4.7 Assessment of harmonics 


Not only the maximum value but also statistical characteristics such as the 95% 
and 99% value of the frequency are decisive in assessing the harmonics problem. 
Cumulative frequencies, mean values and the standard deviation must also be 
considered. These values are calculated by modern measuring systems for sys- 
tem perturbations and form the basis of further assessments and, if necessary, 
the stipulation of remedial measures. Measurements are also sometimes 
required to be evaluated over a period of several weeks. It may also be necessary 
to differentiate between work days and weekends (see section 7.2). 

As explained in section 1.5.1, current harmonics from secondary networks act 
as impressed currents, while voltage harmonics from primary networks act as 
impressed voltages. Thus it is understandable that each network level (low - 
voltage, medium voltage and high voltage) can only be assigned to that part of 
the particular compatibility level which corresponds to its amount of the total 
network impedance, according to section 1.5.1, over all voltage levels. This is 
expressed by the system level factors ky according to [7]. For low-, medium and 
high voltage networks, these are in the following ranges: 


kyns Kms Kwns = (0.2... 0.3):(0.4.. . 0.7):(0.1.. . 0.3) (2.41) 


The harmonic current permissible in a network in each case is calculated as 
follows: 
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Z h 


The frequency-dependent network impedance Z, from the short-circuit react- 
ance X, of the network supply or from the initial symmetrical short-circuit a.c. 
power S”,, at the point of common coupling V and the impedance angle y can 
be calculated as follows: 


Tmax = ky (2.42) 


U2 sin y 
Stv 
In this simplified approach, Z, does not take account of all network resonances 
and can therefore lead to incorrect decisions in some cases. For instance, the 
frequency-dependent impedances of a 10 kV municipal network for various 

load situations are given in Figure 2.26 [8, 9]. 

When assessing harmonics, it should be noted that the harmonic currents 
generated by various pieces of equipment are added corresponding to their 
phase angle. This is described by the co-phasal factor k,, according to Equation 
(2.25) (quotient of the geometrical to the arithmetical sum), as follows: 


Z,=h (2.43) 


top 


I> Hi 


ken =— (2.25) 


top 


Sl 


base 
If one also considers that several harmonic generators are normally con- 
nected in the network, each consumer i can only be assigned the content at the 
complete compatibility level U,y; which corresponds to its content S; of the 
complete load of the network Sy or at the output of the feeding transformer S,,. 
This is described by the system connection factor k,: 
ky, = S/Sy (2.44a) 
or 
Ky = S/ Sir (2.44b) 


The maximum permissible harmonic current J,,,,,; of a consumer i is therefore 
calculated as follows: 


KekogU ony 
Tiymaxi = “* — ‘ (2.45a) 
ky AU; sin y 
or 
KxkyU, 
| (2.45b) 
kinZn 


The permissibility of the connection or of the operation of harmonics gener- 
ators can also be suitably estimated by considering the harmonic distortion 
factors B,. In the case of a separate equipment /, the generated relative harmonic 
voltage u,; is used as a basis for the calculation, as follows: 
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Figure 2.26 Frequency dependency of the impedance of a 10-kV system 
1-I resistance at peak load (daytime) 
1-2 reactance at peak load (daytime) 
1-3 resistance at low load (nighttime) 
1-4 reactance at low load (nighttime) 


(2.46) 


If the network is supplying several converters, the resulting harmonic voltage 
is calculated as follows: 


Up, = 24> KonilSts (2.47) 


whereby z, in %/MVA and i,; are given as relative harmonic currents. If the 
harmonic voltages caused are considered relative to the compatibility level u,,y7, 
harmonic distortion factors B, are obtained 


n 
Z, aS KontneS, ti 
= 


Unvt 


B,= (2.48) 
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Calculation of B;, according to Equation (2.47) and Equation (2.48) 
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Figure 2.27 Decision tree for assessment of harmonics for a single consumer 


The unrestricted connection and operation of the system or equipment is then 
permissible only if the current harmonics are less than the amounts attributable 
to this equipment, taking account of the system connection factor k, and 
system level factor ky. 

The associated harmonic distortion factors B, must then be less than the 
product of the system level factor ky and system connection factor k,. If the 
harmonic distortion factor B, is greater than the system level factor ky, this 
means that the overall effective level of the voltage harmonics U, for this 
harmonic order / is greater than the level assigned to this network level. Neither 
connection nor operation are thus permissible (see also Figure 2.27). For all 
other cases, the permissibility of the connection and operation, as well as suit- 
able countermeasures, must be decided separately for each case. 


2.5 Standardisation 


2.5.1 General 


It was explained in section 1.1 that, when considering system perturbations in 
general and harmonics in particular, a balance must be struck between the 
economic needs and technical boundaries of both the consumer and network 
operator. The standardisation must take account of these aspects and therefore 
also offers various approaches for achieving this aim. If the investigation is 
limited to conducted system perturbations to which the harmonics and inter- 
harmonics are attributable, the galvanic couplings between interference emitting 
equipment and disturbed equipment must be examined. There are three main 
courses of action in this case: 


e limiting the emitted interference, 
e reducing the coupling between the disturbing and disturbed equipment, 
e increasing the interference immunity. 


For this, the individual disturbance phenomena must be considered separately. 
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2.5.2 Emitted interference 


Measurements of harmonic levels in the last 20 years have revealed steadily- 
increasing levels [10]. For example, the level of the fifth voltage harmonic in 
the networks of Germany have doubled to 6%. This means that the compati- 
bility levels are now exceeded in some networks. However, it cannot be raised 
because the interference immunity of the equipment operated in the network is 
aligned with it. Limitation of the emitted interference is therefore an urgent 
task. 

EN 61000 Part 3-2 (VDE 0838 Part 2): 1996-03 stipulates limits for the 
emission of current harmonics from equipment with input currents per con- 
ductor of J; < 16 A, with the equipment being divided into the following four 
classes. 


A: Symmetrical three-phase equipment and all other equipment, apart from 
those assigned to classes B, C or D. 

B: Portable electrical tools (1.5 times the class A limit). 

C: Lighting equipment, including dimmers. 

D: Equipment with an input power of P= 50 W up to 600 W and the current 
course, according to Figure 2.28, determined under specified test 
conditions. 


Standardisation for equipment with fundamental components of current of 
more than 16 A are presently under discussion [10]. In this case it should be 
particularly noted that the interference emission limits coincide with the limits 
of existing equipment, the interference emission limits of which are stipulated in 
EN 61000-3-2 (VDE 0838 Part 2). The limits for class B (portable electric tools) 
should be chosen for this purpose. 

A multistage acceptance procedure is proposed here. Stage 1 in this case 
covers equipment where the short-circuit power S, at the point of common 
coupling (PCC) must be at least 33 times greater than the equipment power Sg. 
This would result in a maximum voltage drop of 3% at power system frequency. 


T/3 t/3 t/3 


0 n/2 Tt 
ot —> 


Figure 2.28 Envelope of the input current to define the ‘special wave shape’ and to classify 
equipment as per class D (EN 61000-3-2 ) 
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This means, for instance, that the value of J,/7, = 10.7% proposed for the fifth 
harmonic (identical to the class B limits), taking account of typical summation 
factors, would not lead to the compatibility levels being exceeded if this value for 
the fifth harmonic is due to approximately 55% of consumers. Table 2.4 shows 
the proposed interference emittance limits for harmonic currents, according to 
IEC 1000 3-4. 

Higher harmonic currents are permitted for stage 2, provided there is a higher 
ratio of short-circuit power S”, to equipment power Sg. A distinction is also 
made between asymmetrically-loaded equipment and symmetrically-loaded 
equipment. Table 2.5 gives an overview of the proposed emitted interference 
limits according to IEC 1000 3-4 for stage 2 equipment. The permissible relative 
harmonic currents for deviating ratios S”,/Sg are determined by linear inter- 
polation. Limits for the total harmonic distortion (THD) and the partial 
weighted harmonic distortion (PWHD) are also given. 

If the connection according to stage 2 is not possible, the power supply com- 
pany can also allow individual exceptions according to stage 3. In this case the 
total harmonic current emitted from the customer system is considered in rela- 
tion to the ordered power as an assessment criterion. Proposed limits of emitted 
interference are given in Table 2.6. 

The values given in Tables 2.4 to 2.6 are presently under discussion in 
standards committees. 


Table 2.4 Limits of emitted interference according to 


IEC 10003-4 
Order Inmaxl ty iN % 
3 21.6 
5 10.7 
7 7.2 
9 3.8 
11 3.1 
13 2.0 
15 0.7 
17 1.2 
19 v1 
21 <0.6 
23 0.9 
25 0.8 
27 <0.6 
29 0.7 
31 0.7 
> 33 <0.6 
Even-numbered <8/hor<0.6 


Equipment with a fundamental component of current|, > 16A 
Stage 1:S"./Sg > 33 
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Table 2.5 Emitted interference limits according to LEC 10003-4 


Single-phase, two-phase and non-symmetrically loaded three-phase equipment 


Wists Order h 


3 5 7 9 11 13 Even- THD 
num- and 
bered PWHD 

amend h in % 


66 23 11 9 5 4 3 16/h 25 
120 25 12 10 é 6 5 16/h 29 
175 29 16 11 8 7 6 16/h 33 
250 34 18 12 10 8 7 16/h 39 
350 4O 24 15 12 9 8 16/h 46 

<450 4O 30 20 14 12 10 16/h 51 
Symmetrical three-phase equipment 
Wists Order h 
5 7 11 13 Even- _ Inter- THD PWHD 
num- har- 
bered monic 
lamaxd fy in % 

66 12 10 9 6 16/h 9/h 16 20 
120 15 12 12 8 16/h 9/h 18 29 
175 20 14 12 8 16/h 9/h 25 33 
250 30 18 13 8 16/h 9/h 35 39 
350 40 25 15 10 16/h 9/h 48 46 
450 50 35 20 15 16/h 9/h 58 51 

= 600 60 40 25 18 16/h 9/h 70 57 


Equipment with a fundamental component of current |,> 16 A; Stage 2 


2.5.3 Compatibility levels 


At the frequency-dependent impedances of the equipment, the current harmon- 
ics cause voltage drops which are superimposed on the fundamental component 
of voltage of the network. This, in turn, causes harmonic currents (which may 
be considerable, depending on the impedance of the equipment) to flow in 
equipment which itself generates no harmonics (e.g. capacitors). Harmonic 
voltages must be limited for this reason. 

Table 2.7 is a summary of the specified compatibility levels of voltages for 
public and industrial power supply networks. The valid compatibility level for 
public networks is specified in EN 61000 Part 2—2 (VDE 0839 Part 2—2:1994—05) 


88 Voltage quality in electrical power systems 


Table 2.6 Emitted interference limits according to 


IEC 10003-4 
Order Inmaxd I iN % 
3 19.0 
5 9.5 
7 6.5 
9 3.8 
11 3.1 
13 2.0 
15 0.7 
17 1.2 
19 sl 
21 <0.6 
23 0.9 
25 0.8 
27 <0.6 
29 0.7 
31 0.7 
> 33 <0.6 
Even-numbered <4/hor<0.6 


Equipment with fundamental components of current|, > 16A 
Stage 3 


for the low voltage range and in part 88:1994—03 for the medium voltage range. 

The compatibility levels are identical up to the 25" harmonic in low voltage 
and medium voltage networks. 

Compatibility levels which deviate from the values defined for public networks 
sometimes apply for industrial systems. They are defined in EN 61000 Part 2-4 
(VDE 0839 Part 2—4:1993-06). A distinction is made between three so-called 
environmental classes. 


Class 1: Protected supplies such as computer equipment, automation equip- 
ment, equipment for technical laboratories and protective devices. 

Class 2: PCC with the public network, compatibility levels according to EN 
61000-2-2 (VDE 0839 Part 2-2) and EN 61000—2-12 (VDE 0839 Part 
88). 

Class 3: System-internal connection points such as to welding machines, for 
frequent motor starting, at converter systems etc. 


EN 61000—2-4 (VDE 0839 Part 2-4: 1993-06) still primarily stipulates values for 
the voltages at interharmonic frequencies for the industrial power supply area. 
For classes | and 2 for all interharmonic frequencies, these amount uniformly to 
0.2% of the fundamental component of voltage. The values for class 3 are 
stipulated in Table 2.8 relative to the frequency f,,;. 

The values given in Tables 2.7 and 2.8 are permanently permissible for 
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Table 2.7 Compatibility levels for harmonic voltages according to EN 61000 
(VDE 0839) 


Harmonic h Compatibility level in % 


Low voltage Medium Industrial systems 
systems voltage 
systems Class 1 Class 2 Class 3 


Odd numbered order h, not divisible by three 


5 6.0 6.0 3.0 6.0 8.0 

7 5.0 5.0 3.0 5.0 7.0 
14 3.5 3.5 3.0 3.5 5.0 
13 3.0 3.0 3.0 3.0 4.5 
17 2.0 2.0 2.0 2.0 4.0 
19 1.5 1.5 alae) TS 4.0 
23 1.5 1.5 iio) 1.5 3.5 
25 led 1.5 1.5 1.5 3.5 

>25 0.24+0.5 0.24+1.3 0.24+2.5/h 0.24+12.5/h 54+Vv11/hA 
x 25/h x 25/h 


Odd numbered order h, divisible by three 


3 5.0 5.0 3.0 5.0 6.0 

9 15 LS 1.5 nino) 2.5 

15 0.3 0.3 0.3 0.3 2.0 
21 0.2 0.2 0.2 0.2 1.75 

>21 0.2 0.2 0.2 0.2 1.0 


Even numbered order h 


2 2.0 2.0 2.0 2.0 3.0 

4 1.0 1.0 1.0 1.0 1.5 

6 0.5 0.5 0.5 0.5 1.0 

8 0.5 0.5 0.5 0.5 1.0 

10 0.5 0.5 0.5 0.5 1.0 

>10 0.2 0.2 0.2 0.2 1.0 
Notes: 


1) Public low voltage network EN 61000-2-2 (VDE 0839 Part 2—2:1994-05) 
Public medium voltage network EN 61000-2-12 (VDE 0839 Part 88:1994-03) 
Industrial systems EN 61000-2—4 (VDE 0839 Part 2-4: 1993-06) 

2) Values for the third and ninth harmonics apply in the medium voltage range only in a.c. 
networks. In three-phase networks, one third of the aforementioned values should be used 
as the compatibility level. The compatibility levels stated apply in low voltage networks. 
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Table 2.8 Compatibility levels for interharmonic 
voltages according to EN 61000-2-4 (VDE 0839 Part 
2-4:1993—-06 ) for industrial power supply class 3 


Frequency fix in Hz Un! U; in % 


< 550 29 
>550... 650 2.25 
>650... 950 2.0 
>950... 1150 1.75 
>1150... 1250 1.5 
> 1250 1.0 


industrial systems. 1.5 times the values is permissible short-term, 1.e. for the 
duration of 10% of an interval of 150 s. 


2.5.4 Interference immunity levels 


As explained in Chapter 1, compatibility levels describe a value for which the 
electromagnetic compatibility is obtained with a certain probability. However, it 
cannot be precluded that the compatibility levels can be exceeded with respect 
to either time or location. There is thus a specific probability that the 
electromagnetic compatibility is not guaranteed. 

The interference immunity levels of equipment must therefore be above the 
particular compatibility level. General statements on this are to be found in 
VDE specifications, such as in E DIN EN 50178 (VDE 0160:1998—04) (equip- 
ping of power systems with electronic devices) and details on measuring and 
assessing in EN 61000-4—7 (VDE 0847 part 4-7). 

Product-specific standards also state interference immunity levels or permis- 
sible limits for harmonics and interharmonics or the resulting r.m.s. values. 
Further details of these are not given, but some of the relevant standards and 
specifications are mentioned in section 2.4 (Effects of harmonics and 
interharmonics). 


2.6 Examples of measurement and calculation 


2.6.1 Harmonic resonance due to reactive power compensation 


In an industrial network (as shown in Figure 2.29), a capacitor bank Q- is to be 
installed for reactive power compensation, so that the displacement factor 
cos y = 0.94 is reached at the 6 kV busbar. 

A general calculation equation for the resulting harmonic impedance Z,.,, of 
the resonant circuit considered from the connecting point of the converter is set 
up. 

On the basis of the resonant condition, the capacitor ratings Qc¢,., (funda- 
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Sq = 3000 MVA 


QO —+4— U,g=110kV 


Sep = 20 MVA; ux, = 10 % 
U-zos/Urqus = 110 kV/6 kV 


x 
U,=6kV 
I, 
7 Te, Lon 
Py +jQ ' 
st tI &s == a6 
y Qc = 3.919 Mvar 
¥ Motor and Capacitor 
other load 
Py +jOn 


Rectifier load 
h=np+ 1 (p=6) (n= 1,2) 
h=5,7, 11, 13 


Figure 2.29 Power system diagram of a6 kV industrial system with reactive power 
compensation 
rectifier load S,,= (6+j3) MVA 
motor load S,,= (8 +j6) MVA 


mental component powers) at which resonances h = 5, 7, 11, 13 occur are to be 
determined and a decision is to be made as to whether the stated capacitor rating 
Qc is permissible if the Og, =0.9 Ocres tO 1.1 Ocres range is forbidden. 

The current harmonics fed in from the converter is calculated J, =/), x 
(1/A) x I. 

Where: f; = 0.92; f, = 0.83; f,, = 0.62; f,, = 0.50 

The harmonic voltages U,,, at the busbar and the harmonic currents J¢, in the 

capacitor bank are calculated. 


The r.m.s. value J, of the capacitor current is calculated and whether or not 
the capacitor bank can be switched-in is assessed. 


Solution 
_iXwi-iXcu) 
“ss jXy, = jXcx , 
because the impedance of the network supply Xy,, and of the capacitor X(,, are 


parallel from the connecting point A of the converter. Conversion produces the 
following: 
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. hXyy 
Laesh =J 2 
1 —h'(Xn/ Xe) 


The impedance Xy, at connecting point A is 
Xy, = 1.1 U*,/S"4 where S”.4 = 204.97 MVA 


This produces the capacitor ratings Q¢,.;, for which the resonance can occur, 
as follows: 


h 5 7 11 13 
Ocres 7.543 3.803 1.54 1.103 Mvar 


The forbidden area for the capacitor rating Q. = 3.919 Mvar can be seen for the 
harmonic of the order = 7, as follows: 


Oc, = (0.9 to 1.1) 3.803 Mvar 
Oc = 3.423 Mvar to 4.183 Mvar 


The currents J, of the converter are: 


h 5 7 11 13 
L, 118.7 76.5 36.4 24.8 A 
This results in the voltage harmonics at connecting point A as: 
Ucn = [, Lesh, 
Xo 
Ug, =f ; 
n= UAYS%/1.1 Oc) 


whereby XQ, = U,7/O¢ = 9.186 Q 


h 5 7 11 13 
Ucn 241.8 3385.5 50.1 24.2 Vv 


The current harmonics /,, of the capacitor bank are thus 
Ton = Ver Xcn = Ucy, IX 


h 5 7 11 13 
Ici, 131.6 2579.8 60.1 34.5 A 


The total r.m.s. value of capacitor current is 


Ic= \/ 1%: 
h=1 


with the fundamental component r.m.s. value 
Ic, = OoIN3U, = 377 A 
we get 
Ip =2611.4A. 
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Because the total r.m.s. value of the capacitor current is almost seven times as 
great as the fundamental component r.m.s. value, the capacitor bank may not be 
switched in. 


2.6.2 Assessment of a harmonic generator 


The power system shown in Figure 2.30 is assumed. A powerful twelve-pulse 
converter is to be connected to a 10 kV network with a finite short-circuit 
power. The permissibility of the connection is to be assessed on the basis of the 
measured current harmonics. 

The following harmonic currents at rated operation were determined as 
measured values (95% frequency values during the assessment time period): 


I, =139A: I, =0.96A; 1,,=14.08A; 1,,=9.26A; 
T7=1.29A; Tjo=0.99A; L3= 2.36A; L5=2.63A; 


The impedance values Z,, of the supply would be calculated for the frequencies 
of the measured harmonics. 

What is the magnitude of the system connection factor k, if the total load of 
the industrial operation is S,,4= 6.1 MVA? 

The permissible harmonic currents J/,,,,, of the converter would be determined 
for the system level factor kyys =0.55 and the co-phasal factor k,,=1 for all 
harmonic currents. 

A decision would be made as to whether unrestricted operation of the 
converter is permissible. 

What would the minimal short-circuit power at the point of common 
coupling have to be for unrestricted operation of the system to be permissible? 


U,g = 110 kV 


Sig= 3.2 GVA 


Q —-— 


Sy = 20 MVA 


Up = 16 % 
ii.y = 110 kV/10 kV 
re nn in U,=10kV 


Motor and 
ot other load 


S, =4.8 MVA 


Figure 2.30 Connection of rectifier to 10 kV system (S = 4.8 MVA) 
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Solution 
The impedance Z,, of the supply is inductive: 


with the impedance of the transformer X; and the impedance of the 110 kV 
network XQ (numerical values in %/MVA). 


A 5 i 11 13 aly 19 23 25 


Z, 2.17 3.04 4.78 565 7.39 825 999 10.86 %/MVA 


The following applies for the system connection factor k, of the whole indus- 
trial installation. 


Sin 
kya = 0.153 


1T 


The maximum permissible harmonic currents J,,,,, are: 


kk Unmax 
I, max 7 7 
KonZh, 
where 
Unmax = Ujyyt U,f V3 
and 


U,vr 1S the compatibility level according to EN 61000—2-12 (VDE 0839 Part 
88:1994—03). 


A 5 i 11 13 17 19 23 25 


Imax 13.38 7.96 355 257 1.31 088 0.73 O67 A 


Unrestricted operation of the converter is not possible because the currents in 
the orders h= 11; 13; 19; 23; 25 are up to four times as large as the maximum 
permissible harmonic currents Ipmax: 

It is therefore immediately apparent that the short-circuit power must be four 
times as great as the specified short-circuit power S’,. 

If it is assumed that no further consumer other than the industrial installation 
is connected at connecting point A, a higher system connection factor k, ~ 1.0 
must be used. This would make unrestricted operation of the system possible 
because the system connection factor is more than four times as great and the 
maximum permissible current is proportional to the system connection factor. 
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2.6.3 Impedance calculation in a medium voltage network 


In the 110/30 kV network shown in Figure 2.31, a non-linear load (twelve-pulse 
converter to supply an industrial furnace) is to be connected at node B2. The 
frequency-dependent impedances were calculated to estimate the expected volt- 
age harmonics [11]. The following system configurations of the 30 kV network 
are possible [12]: 


— meshed network 

— 30kV cable between B2 and B3 switched off at B2 
— 30kV cable between B2 and B3 switched off at B3 
— 110/30kV transformer T103 switched off at B2 

— 110/30kV transformer T124 switched off at B3 


As a significant result with regard to harmonic investigations, the frequency- 
dependent impedances of the B2 node in Figure 2.32 are shown for the system 
configurations: 


— meshed 30 kV network and 
— 30kV cable between B2 and B3 switched off at B3 


A series resonant point results at f,..2 ~ 750 Hz and parallel resonant points at 
Fresp: = 650 Hz and f,..p: = 850 Hz. These resonances occur due to the parallel 


—t- a3 


T 124 S 31.5 MVA 


Typ5 B3 
1.5 km 
Typ 5 _ Typ 5 5.7 km 
1.6 km 0.75 km 
ips AQ 
AT Typ 5 
1.5 km Typ 4 
1.2 km 
Typ 4: cable NAEKEBEA 120 B2 


Typ 5: cable NAEKEBEA 185 


T 103 31.5 MVA 


A2 


Figure 2.31 Power system diagram of 110/130 kV system 
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Figure 2.32 Impedance versus frequency at 30 kV busbar B2 (see also Figure 2.31) 
a) meshed system configuration 
b) 30 KV cable switched off at B3 


circuit of the capacitance of the 30 kV cable B2-B3 with the inductances of the 
110/30 kV transformers, where these, in turn, are to be regarded as in series with 
a parallel circuit of the capacitances of the 110 kV network and the inductance 
of the supply network. 
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The series resonant points of the 30 kV network node B2 remain more or less 
maintained for the second operational state shown (30 kV cable between B2 and 
B3 switched off at B3). The impedance of the parallel resonance would, of 
course, be substantially greater and would lead to a strong rise in the voltage 
harmonics for this operating state. 


2.6.4 Typical harmonic spectra of low voltage consumers 


The current courses and current harmonic spectra illustrated in the following 
(Figures 2.33 to Figure 2.37) were recorded in the electrical power generation and 
distribution laboratory of the University of Applied Sciences of Bielefeld using 
a harmonics measuring and analysis system [5,13]. These are hard copy pictures 
of the screen. In addition to the time course of the current, the associated 
harmonic spectrum of the current and the following brief information is also 
given. 


J(1) is the fundamental component r.m.s. value. 
(eff) is the total r.m.s. value. 

k(i) is the harmonic content. 

THDis the total harmonic distortion. 

JU) is the fundamental frequency. 


I (eff) = 1.394 A/ 7 (1) = 1.339 A/k (7) = 27.99 % 
2 
Al” ™~ ION 
i = | 
T 4 L | 
> —_ Lt 
0 10 , 20 30 ms 40 
—> 
100 Comment: : 6-pulse 
% File: > A:\2-32.DAT 
20 Time: : 18:03:27 
{ 10 Date: : 06.10.1997 
~ 5 Day: : Monday 
= 2 TQ) = 1339A 
=} I(eff) = 13944 
= 05 ki) = 27.99% 
ol ae Bh ; THD = 29.16 % 
; ’ fd) = 50Hz 
0 = h ah “25 Sample frequency: 31.20 kHz 


Figure 2.33 Current harmonics of six-pulse diode rectifier; U,, = 400V; Load 310 Q 
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Figure 2.34 Current harmonics of a.c./d.c. converter with capacitor smoothing 


Figure 2.35 |Current harmonics of compact fluorescent lamp; U,, = 230V; P =3 x 20W 
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¥ I (eff) = 0.794 A/I (1) = 0.709 A/k (7) = 45.08 % 
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Figure 2.36 Current harmonics of dimmer; U, = 230V; P = 200W 
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Figure 2.37 Current harmonics of electronic converter for halogen lamps, 230V, 60W 
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Chapter 3 
Voltage fluctuations and flicker 


3.1 Definitions 


Changes in the amplitude of a voltage for a period which is longer than the 
period of the voltage under consideration is designated a voltage fluctuation. 

Such voltage fluctuations can occur once, several times, randomly or regularly. 

The voltage fluctuation in the form of a jump, a ramp or any quasi course is 
described by the value of the relative voltage change d. Figure 3.1 shows some 
forms of voltage fluctuations. 

If voltage fluctuations occur with the frequency of approximately 0.005 Hz to 
35 Hz, this generally leads, according to the amplitude, to a light flicker which 
can be perceived by the human eye. This subjective impression of luminance 
fluctuations is known as flicker. Its intensity depends on the level of the voltage 
fluctuation, on the frequency with which the voltage fluctuation occurs and on 
the type of lamp. In addition to these physical influence factors, the perception 


Figure 3.1 Voltage fluctuation 
a) rectangular voltage variations 
b) temporary irregular sequence of voltage variations with constant period 
c) sequence of voltage variations 
d) stochastic or steady voltage fluctuations 
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10000 


Figure 3.2. Voltage curve with commutation notches 


of the flicker is also determined by the environmental conditions, as well as by 
the physical and psychic state of the person exposed to the flicker phenomena. 

A different form of voltage fluctuation is present if the instantaneous value of 
the voltage characteristic deviates from the anticipated sine-wave form. Such 
fluctuations occur due to transient overvoltages and commutation actions. 
Figure 3.2 shows the voltage characteristic characterised by commutation 
notches. 


3.2 Occurrence and causes 


3.2.1 Voltage fluctuations 


Voltage fluctuations can be attributed to various causes. Those voltage fluctu- 
ations caused by changes in the load situation at a system node or connection 
point are of interest with regard to system perturbations. The load situation at a 
connection point is determined by the actual composition of the individual 
loads but a load can also change its actual power consumption depending on the 
operation. Significant voltage fluctuations may be caused by the following loads: 


— pulsed power output where there is burst-firing control, 
— resistance welders, 

— start-up of drives, 

— pulsed power output with thermostat controls, 

— drives with steeply-changing loading, 

— arc furnaces. 


Voltage fluctuations and voltage sags may occur due to system faults such as 
earth-leakage faults, earth short-circuits and short-circuits in the electrical 
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power supply system. These faults impair the voltage quality at a connection 
point, depending on the fault location. The fault location can be in the power 
supply company system, in the internal system or in the system of a different 
power supply company which is in the ‘electrical vicinity’. 

Connecting and disconnecting large rectifier systems and reactive compensa- 
tion systems which are controlled relative to load or reactive power can lead to 
voltage fluctuations. In addition to these load-related causes of voltage fluctu- 
ations, switching measures during the operation of the supply system may also 
lead to changes in the voltage level. Connecting and disconnecting lines can lead 
to voltage changes due to changes in the short-circuit power conditions, which 
may also be accompanied by transient overvoltages because of the actual switch- 
ing operations. Fault situations in the system also lead to voltage fluctuations, or 
even to voltage interruptions whose strength may vary, depending on the prox- 
imity to the fault location. Although the voltage fluctuations not caused by the 
loads impair the voltage quality they should not be regarded as system perturba- 
tions. In a manner similar to loads, in-plant generator systems can also cause 
voltage fluctuations. 

From a technical point of view, the voltage fluctuation results from the change 
to the total of all cases of reduced voltage through the impedances between the 
connection point and the supply sources, depending on current changes at the 
connection point. 


3.2.2 Flicker 


For voltage fluctuations which lead to flicker phenomena, a numerical assess- 
ment of the flicker level is derived from the perception of the flicker phenom- 
ena. To do this, the light source is considered to be a coiled-coil lamp (230 V, 
60 W). The voltage fluctuations lead to a momentary flicker impression p; 
caused by the transmission of the luminous fluctuations along the “lamp-eye- 
brain’ chain. 

The causes of flicker are the same as the causes of voltage fluctuations. Of 
course when considering the flicker, the physical variable, i.e. voltage, is not dir- 
ectly assessed, but instead the assessment is made by taking account of a special 
transmission function and a statistical observation over a defined time range. 


3.3 Flicker calculation in accordance with empirical formulae 


3.3.1 General 


The flicker assessment is based on human perception of voltage fluctuations 
with certain outward forms and various frequencies or repetition rates. The 
assessment assumes that a quite special lamp is used. This lamp is a coiled-coil 
lamp (60 W, 230 V). Personal tests were used for various repetition rates and 
voltage fluctuations to determine whether a fluctuation in light could be 
classified from ‘not visible’ through ‘very visible’ to ‘unbearable’ [1]. 
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Figure 3.3 CENELEC curve [2] 


Limit of disturbance for P.,, = 1 for rectangular voltage variations 


Figure 3.3 shows the result of these tests (CENELEC curve). Large parts of 
this curve can be described by simple approximation formulas. 

The main influence variables in this case are the relative voltage change d(t) 
and the repetition rate r. The shape of the curve of the voltage change is taken 
into account by adding form factors. 

A basic prerequisite for the calculation of flicker is the determination of the 
relative voltage change. Where it cannot be measured it must be calculated from 
the supply and load data. 


3.3.2 Calculation of the voltage drop in general form 


When calculating the voltage drop which occurs at the connection point of a 
load, the procedure varies depending on the connection point of the consumer. 
The simpler calculation is made by considering symmetrical three-phase con- 
sumers. An equivalent circuit (as shown in Figure 3.4) can be chosen for this 
calculation. The impedance of the system, as well as the load, are characterised 
by an ohmic and inductive component. 

The voltage drop using the system impedance Z,, consisting of an ohmic and 
inductive component Ry and Xj, is calculated as follows: 


AU=Al-Zy (3.1) 
or 
AU=AU, + AU, =(R-cos 9 + X-sin g)AL, (3.2) 
The short-circuit power at the connection point is determined as: 
Sis = V3- Usk, (3.3) 
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Figure 3.4 Voltage drop of symmetrical load 
a) equivalent circuit diagram 
b) vector diagram 


or 
SuH Ut (3.4) 

The load current J, can also be shown by the connected load S,, as follows: 
AT, = ASs/(V3-U,) @G.5) 


This equation is valid assuming that the voltage drop using the system imped- 
ance is low compared to the system voltage U,,. 

From Equations (3.1) and (3.5) we therefore get the following approximation 
of the voltage drop 


AU = U,-AS,/(N3-Si3) (3.6) 


If the a.c. current load drop (two-phase load) of the three-phase system is 
considered, the calculation is somewhat different. The equivalent circuit for this 
case 1s shown in Figure 3.5. 

The short-circuit power at the connection point A is calculated as 


Sia =V3-Uy (3.7) 
The change to the connected load of the consumer is 
AS, = Af, U, (3.8) 


assuming that the voltage drop using the system impedance is relatively low. The 
following applies for the voltage drop. 
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Figure 3.5 | Equivalent circuit diagram of an alternating current load in a three-phase 
power supply system 


AU=AL72-Zy (3.9) 
Equation (3.9) can be converted using Equations (3.4) and (3.8) as follows: 
AU=2-(AS,/S,3)-U, (3.10) 


This physical voltage change is the voltage change of the phase conductor. 
Figure 3.6 is used to determine the voltage change of the phase-to-earth voltage. 
AU, = (sin 60°)-AU/2 (3.11) 
or 
AUg = (V3/4)-AU (3.12) 
With Equation (3.10) we get: 
AU, = (V3/2)-(AS Sx.) Uy (3.13) 


By analogy this applies for AUy. 
An alternative to the simple determination of the voltage change is shown in 
Figure 3.7. 
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Figure 3.6 Vector diagram of the voltage between phase-conductor and earth 
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Figure 3.7 Vector diagram for alternative description (see also Figure 3.6) 


Based on the knowledge of the load current change Af, the maximum voltage 
change AU of the phase-to-earth voltages can be determined as follows. 
Where 


Z,= R+jX (3.14) 
AU can be determined in accordance with the following correlation: 
AU=MAX{AU,; AU;} = MAX {[ Reos(g + 30°) + Xsin(g + 30°)]-AZ,} (3.15) 
In a related representation, it follows from Equation (3.15) 
Au = MAX {[rcos(g + 30°) + xsin(y + 30°)}-V3-AS, (3.16) 


This corresponds to a calculation of the voltage change in accordance with the 
following: 

Au = V3(r-AP + x-AQ) (3.17) 
The equivalent circuit shown in Figure 3.8 can be used as a basis for considering 
an a.c. load operated in a low voltage system between a conductor and the 


neutral conductor. 
The short-circuit power at the connection point A is as follows: 


Sia =V3-U,- I; (3.18) 
or 
Sig = UsZy (3.19) 


The load current (J;) is determined from the supply lead voltage Uy and load 
impedance Z,, as follows: 


I, = U,/(N3-Z,) (3.20) 
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Figure 3.8 Equivalent circuit diagram of an alternating current load in a low voltage 
system 
The connected load in this case is calculated from 
§= UFC) (3.21) 
or 
S, = U,-E,N3 (3.22) 


The voltage drop AU at the system impedance is determined from the load 
change AJ, and load impedance Z,, as follows: 


AU=AI:Zy (3.23) 
Using Equations (3.4) and (3.22), Equation (3.23) can also be expressed as follows: 
AU = V3(AS,/S;3)U, (3.24) 


3.3.3 A,/P,, calculation 


The CENELEC curve can be approximately simulated by simplified calcula- 
tions. The disturbance factor caused by a single event can be determined by the 
duration of the after-effect [3], as follows time duration ¢;: 


t= 2.38-(4-F)° (3.25) 


where d is the relative voltage change in % and F'is the form factor. 

Because the individual disturbance factors are linearly superimposed, the 
cumulative disturbance effect is calculated from the summation of the individual 
disturbance factors relative to a time interval. 

The flicker disturbance value for a short term interval A, can be calculated as 
follows (time interval 10 min.): 


Ag = (> )/600 (3.26) 
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The characteristic st stands for short-term and is generally set at 10 min. If the 
flicker disturbance is caused by a regular voltage change, such as determined by 
the repetition rate r, Equation (3.26) then becomes 


Ay = (2.3 s-r-(d-F)°)/600 s (3.27) 


If the voltage fluctuations are described by a frequency, this means that the 
repetition rate of the voltage fluctuations is twice the value, i.e. 1 Hz corresponds 
to two changes per second. 

For some observation time periods, the long-term flicker level is defined as 
that which extends over a period of two hours. To calculate this case, the value 
600 s is merely replaced by the value 7200 s in Equation (3.26). 

As an alternative to considering the flicker levels in the form of A,, values, they 
can also be considered in the form of P,, values. The approximation formula for 
the P,, value calculation is then as follows [1]. 


Py = 0.36-d-r°°'-F (3.28) 
The relationship between the 4,, and P,, values are as shown in the following: 
AgePe (3.29a) 
or 
P,=NA, (3.29b) 


According to Equation (3.28), the P,, value is proportional to the level of the 
voltage change. The A, value on the other hand remains proportional to the 
repetition rate. 

Section 3.3.2 details how the voltage drop calculation can be made for the a.c. 
or three-phase case. For the P,/A,, calculation, the relative voltage change also 
can be determined using approximation formulas. This means that the relative 
voltage change can be directly calculated from the power change AS, and the 
short-circuit power S,. 

The form factor F required for a calculation of the flicker disturbance factors 
A, or P,, can, depending on the form of the voltage change, be taken from 
relevant graphics (Figures 3.9 to 3.11) [2]. 


3.4 Flicker calculation for random signals 


3.4.1 Mathematical description of the flicker algorithm 


The algorithm of the flicker calculation is based on the assessment of voltage 
fluctuations, with the simulation of the perception model of the ‘lamp-eye-brain’ 
effect chain (Figure 3.12). 

The model for the lamp and the P,, disturbance assessment methods are 
described in the following sections. The transmission function for the perception 
of flicker phenomena is given in section 5.2.5. 
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Figure 3.9 Form factor for periodical voltage fluctuations 
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Figure 3.10 Form factor for ramps and jumps 
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Figure 3.12 Principal structure of flicker meter 


The transmission function of the coiled-coil lamp is an essential part of the 
flicker algorithm. 

The transmission function of the light source can be simulated for the rela- 
tionship between voltage fluctuations and changes in the light flux. For general- 
use filament lamps a tungsten coil is heated to a high temperature. The active 
power, P,(f) is proportional to the temperature of the coil. The light flux follows 
the temperature without lag. Fluctuations in the light flux are attenuated by the 
inertia of the coil [3]. 

P(t =(U7/R)f1 + cos(2a1)] (3.30) 


For small temperature fluctuations A0, the differential equation of the filament 
lamp can be given as follows: 

my,c[d(Ad)/dt] + P,,/C, = P(t) (3.31) 
where 


P(t) = Py(t) — Ps Pm = UIR (3.32) 
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Assuming that @ is proportional to AO, Equation (3.27) gives us the following 
for the light flux. 


@(t) = G cos (2wt - ¢) (3.33) 
where 
P(t) = KIV1 + (2a@t)!” (3.34) 


The transmission function between the fluctuations of the electrical power of 
the filament lamp and the fluctuations in the light flux correspond to a low-pass 
filter of the first order. 

For an amplitude-modulated voltage signal 


u=usin (@t)[l +m sin (@,t)] when m= AU/U (3.35) 


the light flux is also amplitude modulated assuming m << | with a; 
The following applies for coiled-coil lamps. 
A@/® 3.8 
AU/U V1 +(a@ty 


(3.36) 


3.4.2 The P,, disturbance assessment method 


With the P,, disturbance assessment method, the momentary flicker impression 
is transferred to the flicker level [3]. The momentary flicker is classified over the 
time period of the measured interval. The relative frequency of the momentary 
flicker is then determined from these values. The values of the relative cumula- 
tive frequency are then determined from the values of the relative frequency. 
From the course of these values, the flicker level is determined by evaluating 
certain points. Figure 3.13 shows the possible course of the relative cumulative 
frequency for a measured interval. At stipulated cumulative frequency values, 
the level of the momentary flicker impression is evaluated with the equation of 
condition (3.37). 

The values P; show which momentary flicker level was exceeded for 7 percent 
of the observation time. 


P,,=V0.0314 Py .g + 0.0525P) og + 0.0657P 3.94 + 0.28 Ping + 0.08P 4 (3.37) 


The assessment method is called a smoothed assessment method if the indi- 
vidual values P; were determined from several supporting values. 


Poig= Poi 

Pog = (1/3)(Po7 + Pio + Pis) 

P3 og = (1/3)(P22 + P39 + Pao) 

Prog = /5)(Poo + Pao t+ Pio + Piz + Pir) 

P50.¢ = (1/3)(P39 + Pso + Poo) (3.38) 
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Figure 3.13 P.,-flicker evaluation 


A further important variable for assessing the flicker phenomena is provided by 


the long-term flicker level P,,: 
N 
P.=3/ (UN) > Phi (3.39) 
al 


For this assessment, high flicker levels are particularly highly assessed. The 
observation time period in this case is generally 2 h (V= 12). P, is determined 
from a sliding measuring interval. 

The advantage of flicker measurement is the direct transfer of voltage fluctu- 
ations of various forms and amplitudes to an assessment number. 


3.5 Effects of voltage fluctuations 


Voltage fluctuations cause the disturbing effect of luminance fluctuations which 
are usually perceived before there is any effect on the operation of components 
or equipment. The voltage fluctuations also result in quite different disturbance 
phenomena. These include the following: 


— control actions for control system acting on the voltage angle, 

— braking or acceleration moments from motors connected directly to the 
system, 

— impairment of electronic equipment where the fluctuation of the supply 
voltage passes through the power supply assembly to the electronic 
equipment. 
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This last point, in particular, is of great importance. Disturbance phenomena of 
this kind can occur in equipment for all applications. The following equipment is 
particularly worthy of mention: 


— computers, printers, copiers, 

— monitoring equipment, 

— control units, control computers, 

— components for telecommunication. 


Voltage fluctuations due to commutation notches also lead to the effects 
already mentioned. They also particularly affect capacitor charging. The rela- 
tive steep-edged commutation notches can also, under certain circumstances, 
generate resonance points of very high frequency (a few kilohertz) in electrical 
systems. 


3.6 Standardisation 


Standards are assigned to fixed application areas. In addition to the standardisa- 
tion of the compatibility level for public and industrial systems, there are also 
standards for assessing the emitted interference and interference immunity. 

The voltage quality is defined in EN 61000—2—2 (VDE 0839 part 2—2) in public 
low voltage systems. The valid compatibility levels for industrial systems are 
given in EN 61000-2-4 (VDE 0839 parts 2-4). EN 50160 stipulates the 
compatibility levels for public medium and low voltage systems. 

The guide values for the assessment of flicker disturbance are given in 
Table 3.1. 

The permissibility of a connection in a low, medium or high voltage system 
is assessed using the method shown in Table 3.2. If, when a customer’s system is 


Table 3.1 Guide values for the assessment of flicker disturbance [2] 


Ai As d 
Permissible disturbance factor 
Low voltage 0.4 1 
Medium voltage 0.3 0.75 
High voltage 0.2 0.5 


Permissible disturbance factor for a customer system * 


Low voltage 0.05 0.2 0.03 
Medium voltage 0.05 0.2 0.02* 


High voltage 0.05 0.2 0.02* 


* Higher values are acceptable in exceptional cases. 
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Table 3.2 Assessment method for flicker level [2 ] 


Requirement for A, and Ay, Consequences for the connection 
Ag < 0.2 and A; < 0.05 Admissible 
0.2 < Ay < 0.5 or 0.05 < A, < 0.2 Qualified admissible 
A; > 0.2 Inadmissible. Measures required 
A 
Ai 
inadmissible 
0.2 
0.1 = 
0.05 qualified admissible 
0.02 admissible 
0.01 > 
0.1 0.2 0.5 A 


st 


Figure 3.14 Assessment of flicker 


connected, an A,, value of 0.2 and an A, value of 0.5 are not exceeded, a 
connection is essentially permissible. In special cases a higher disturbance factor 
can be assigned to an individual customer. This usually applies if other cus- 
tomers connected at a node do not use the share of the overall disturbance 
factor assigned to them. In this case it must be considered that one single 
customer is responsible for the disturbance emission in the long-term range for 
the maximum 4A,, value of 0.2 (Figure 3.14). 

The connection is permissible for a ratio of more than 1000 of the short-circuit 
power at the node to the connected load of the customer. This criterion is of 
secondary importance in the case of a single-phase load. 

The limits for the current emission of equipment are divided into classes for 
equipment where Jy < 16 A and those where Jy > 16 A IEC 1000—3-5 resp. (VDE 
0838 part 5). In addition to the limits, this standard also contains the test condi- 
tions for equipment manufacturers. 

The interference immunity for equipment is specified in EN 50178 (VDE 
0160). Limits in accordance with Figure 3.15 are permissible for commutation 
notches. The electrical equipment must continue to function properly where 
there is a voltage signal, as shown in Figure 3.15. 
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Figure 3.15 Maximum voltage change by commutation notches and commutation 
oscillations 


3.7 Examples of measurement and calculation 


3.7.1 Measurement of flicker in a low voltage system 


The result of a flicker measurement in a low voltage system is shown in Figure 
3.16. The measurement was taken at the 400 V voltage level of a distribution 
transformer (Sy = 630 kVA). This transformer supplies a small light industrial 
area. The measuring results show a pronounced daily profile. During the day the 
flicker level is clearly above the value of P,,=0.7 or P, = 1, but nevertheless no 
complaints whatsoever occurred in this case. 


Flicker in time range 


st 


Tue 19.04.94 Wed 12.04.94 Thurs 21.04.94 Fri 22.04.94 Sat 23.04.94 


Figure 3.16 Example of a flicker measurement 
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3.7.2 Calculation of an industrial system for resistance heating 


Let us assume resistance heating which is connected via a transformer to a 10 kV 
busbar. 

The resistance heating is asymmetrically connected between two conductors. 
The busbar is fed via two parallel 1.5 km long mass-impregnated, paper- 
insulated cables of 185 mm? conductor cross-section. The layout is shown in 
Figure 3.17. 

The following equivalent impedances result for the equivalent circuit. 


Location Q 
Xo * Zig = UtlSiq = Xuq = 0.529 
Cable 


Using a table, the following quantities per unit length were determined. 


Resistance quantity: 0.164 O/km 
Reactance quantity: 0.090 O/km 


From this we get the following for the resulting equivalent circuit elements of the 
cable. 


X,, = (1/2) x 0.090 (Q/km) x 1.5 km = 0.068 Q 
R, =(1/2) x 0.164 (Q/#km) x 1.5 km =0.123 Q 


xx 


Point Q k= nee 
U,=10kV 


Parallel connection of two mass-impregnated 
paper-insulated cables 


Point V ¢ J 


Syp = 2.8 MVA 
S uy, = 4.2 % additional 


loads 
@ Uxint = 690 V 


Load 


Figure 3.17 Single-line diagram of a low voltage system 
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Figure 3.18 Equivalent circuit diagram (see also Figure 3.17) 


Transformer (high voltage side): 
R;=0 
=> Zp = Xp= 4, X (UYSq) > Zp= 1.52 


From these values we get the equivalent circuit shown in Figure 3.18. 

The heating represents a base load of 600 kW with regular square-wave power 
changes occurring around 800 kW (Figure 3.19). 

The connection of the load should be assessed for flicker at location V. 

Where there is a base load of 600 kW, there is a voltage drop Up, (allowing for 
line-to-line voltage) of 


Una= 2 x I, x Las 
where 


Lot = VXio + XxX +Ry 


1.6 Sq; =1.4MW 


0.4} Sag = 0.6 MW 


0 5 10 15 20 25 30 35 40 45 50 55 s 60 


Figure 3.19 Change of apparent power 
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T= Sao U, 
Zot = 0.6095 Q 
[,=60A 
Uo, = 73.14 V 
If the power changes to 1.4 MW, we get the following for the voltage drop. 
Ui, = Un, X (1-4 M“W/600 kW) = 170.66 V 
Therefore, the following applies for the voltage change. 
AU 4 = Upy—Upg = 97.52 V 
The change to the phase-to-earth voltage is: 
AUy = (N3/4) x AU, = AUy = 42.23 V 
Therefore the relative voltage change is: 
d=(V3 AUY/U,) = 0.0073 = 0.73% 


From this it follows that further investigations are necessary. 
According to the VDEW brochure [2] the following duration time of flicker 
after-effect ¢, results: 


t-=2.3 sx (100 x dx FY 


The form factor F for the voltage change course resulting from Figure 3.16 is 
F=1. 
From this we get: 


t-= 0.895 s 
The following applies for the flicker disturbance factors A), and A,: 


De 
0=0 


Ay =———_ (10-minute interval) 
10x 60s 
> ty 
Ay — (2-hour interval) 


~ 120 x 60s 
In the concrete case we therefore get: 


50 x & 


t= = 0.0746 
10x 60s 


Because it is a signal which is constant over time, A, and A, are identical in this 
case. 
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600 x ty 


= = 0.0746 
120 x 60 s 


It 


According to the VDEW brochure [2], this means that the connection is possible 
only in exceptional cases, because: 


0.05 < A, < 0.2 
On the contrary, if the frequency is reduced to 400 in 2 h, we get: 


400 x t, 


=. = 0.0497 
120 x 60s 


It 1 


In this case the connection is just permissible. 
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Chapter 4 
Voltage unbalance 


4.1 Occurrence and causes 


Voltage unbalances occur in electrical power supply systems due to the asym- 
metry of the equipment on the one hand and the asymmetry of load states on 
the other. The main influencing factor with regard to the equipment can be 
overhead lines. Because of the geometric arrangement, the different mutual 
influence and the different phase-to-earth capacity lead to asymmetries. 

With regard to system perturbations, the asymmetrical load states cause the 
asymmetries. In low voltage systems they occur mainly due to the numerous a.c. 
loads connected between the phase-conductors and the neutral conductor. This 
‘normal’ consumer mode is also the reason why the low voltage system is oper- 
ated in the form of a low-impedance earthed (TN) system. At the medium and 
high voltage levels the a.c. loads operated between the two conductors form the 
rare loads. Some typical loads in this category are as follows: 


— arc furnaces, 

— resistance melting furnaces, 
— traction supplies, 

— heavy-current test systems. 


Because of their design and operating mode, the loads which cause asymmetries 
create voltage fluctuations at the same time and are thus significant with regard 
to flicker phenomena. 


4.2 Description of unbalances 


4.2.1 Simplified examination 


The unbalance of the voltage is defined by the relationship between the negative 
sequence system and positive sequence system of symmetrical components, as 
follows: 
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ky = UU, (4.1) 
ky, can be approximately determined as follows: 
ky = SilS"3 (4.2) 


More accurate examinations require a more complicated calculation. 


4.2.2 Symmetrical components 


The definition of voltage unbalance is based on the representation of the 
three-phase system in the form of symmetrical components. According to the 
transformation rule, each three-phase system is represented by the super- 
imposition of two symmetrical three-phase systems and one a.c. system. The 
three-phase system consists of the positive sequence system and negative 
sequence system, a system which rotates counterclockwise. The a.c. system is 
called a zero sequence system. 

The transformation of the voltages of the three-phase system was described in 
detail in 1.4.3 for phase-to-earth voltage. The following applies. 


U, 1 1 1] | 
U, =5 l a a . Uy (4.3) 
us, 1 @a|\|U; 


The derivations for the phase-to-earth voltages can also be used completely 
analogously for phase-to-phase voltages. 

Both calculations result in the same degree of asymmetry with regard to 
amount. Figure 4.1 shows the phasor diagrams of various three-phase systems. 

The illustrated symmetrical system does not result in any asymmetry. The three- 
phase system with a zero sequence system, but with symmetrical phase-to-phase 
voltages, has no asymmetry as considered here. The asymmetrical phase-to- 
earth voltages with symmetrical phase-to-phase voltages are generally found in 
medium voltage systems with earth-fault compensation using Petersen coils. 


Figure 4.1 Vector diagrams of three-phase supply systems 
a) symmetrical system 
b) symmetrical system with neutral (zero sequence) system 
c) unsymmetrical system 
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The differences between phase-to-earth voltages purely with regard to amount 
are not a measure of the asymmetry. The system with the different phase-to- 
phase voltages has an asymmetry in the meaning of the definition. 


4.3 Effects of voltage unbalance 


Voltage unbalances on drive machines lead to increased losses. In the case of 
synchronous machines, the current of the negative sequence system should 
remain limited to values of 5% to 10% of the rated current. On asynchronous 
machines, voltage unbalances of even 2% can lead to damaging temperature 
rises. For power electronic circuits where the firing angle is derived from the 
voltages, asymmetries cause ripple in the generated d.c. voltage. In twelve-pulse 
circuits, asymmetry leads to a 100 Hz component of the d.c. voltage and to a 
harmonic current component in the order of / = 3 in the system current. 


4.4 Standardisation 


The emitted interference of an individual disturbance should not exceed a value 
of k,=0.7% in the area of the asymmetry [1]. The compatibility level for 
medium voltage systems is stipulated as 2%. This value is given in 
EN 61000-2-2 and EN 61000-2-4 (VDE 839 part 2-2 and part 2-4). EN 50160 
also stipulates a value of 2%. Ten-minute mean-value intervals should be 
assessed to determine the level. 

The interference immunity for electrical equipment is stipulated as 2% accord- 
ing to EN 50178 (VDE 0160). EN 50178 also stipulates an asymmetry for 
the ratio of the voltage of the zero phase-sequence system to the voltage of the 
positive sequence system. A limit of 2% is also stipulated for this quantity. 


4.5 Examples of measurement and calculation 


4.5.1 Measurement of unbalance in an industrial 20 kV system 


Figure 4.2 shows the course of the voltage unbalance over a period of 12 days in 
an industrial 20 kV power supply district with a peak load of approximately 7.8 
MW. The measurement is taken on the secondary side of the supply trans- 
former. There are several decentralised supplies within the supply district. 

The mean values of the voltage unbalance are recorded over 60 s in each case. 
The periodic of the unbalance corresponds to the load periodic in the supply 
district. August 18th is a statutory holiday in the supply area under consider- 
ation. The measuring period clearly exceeds the load period. Further measure- 
ments showed that the asymmetry peak on 18.08 at 16.24 hours was caused by a 
single-pole short interruption in the superimposed 400 kV level. 


126 Voltage quality in electrical power systems 


0.40 
% 
0.35 


0.30 


0.25 


0.20 


0 

Wed Fri Sun Tue Thurs Sat Mon 
13.08.97 15.08.97 17.08.97 19.08.97 21.08.97 23.08.97 25.08.97 
t—> 


Figure 4.2_| Unsymmetrical voltage component in a medium voltage system 


Despite the mainly industrial consumers, the voltage asymmetry is clearly 
below the permissible compatibility level of 2%. The actual detected 95% level is 
at 0.28% for the measurement. 


4.5.2 Determining the unbalance of an industrial system 


For this example, the system detailed in section 3.7.2 is again used and the 
unbalance for location V considered. 
The short-circuit power at location V is obtained from: 


Sty = Usl Zi, = 160 MVA 
The connection of an asymmetric load is permissible at: 
Ss/Sky < 0.7% 
For the basic load (S49) of 600 kW, the following applies: 
Syo/Stv = (600 kW)/(164 MVA) = 3.7 x 10° < 0.7% 
At a maximum load (S,,) of 1.4 MW, the following applies: 
Sal Sie = 8.5 x 107 > 0.7% 


The emitted interference is above the emitted interference of 0.7% permissible 
for a single system. However the connection can sometimes be approved in 
individual cases. 
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4.6 Reference 


1 ‘Grundsatze fiir die Beurteilung von Netzriickwirkungen (Basic principles 
for assessment of system perturbations)’ (Verlags- und Wirtschaftsgesell- 
schaft der Elektrizitatswerke mbH (VWEW), Frankfurt, 1987, 2nd edn.) 


Chapter 5 


Measurement and assessment of system 
perturbations 


5.1 General 


The increasing use of equipment and loads with a non-linear current—voltage 
characteristic and/or operating characteristics which are not steady over time, 
has led to an increase in system perturbations in electrical power supply systems 
of public power supply and industrial networks. In parallel with the develop- 
ment of suitable standards and recommendations for the definition of limits and 
compatibility levels, measuring procedures and instruments are being developed 
which enable the relevant measured quantities for system perturbations to be 
acquired. The following quantities are of particular interest: 


voltage fluctuations, 
flicker, 

transient overvoltages, 
voltage unbalance, 
harmonics, 

e interharmonics. 


Figure 5.1 summarises these quantities relative to the frequency range to which 
the measured quantities are to be assigned. The amplitudes at which the 
individual quantities occur are also given. 

It is not possible to make a precise statement regarding the frequency range 
for voltage fluctuations. The amplitudes are within a range of a few percentage 
points of the rm.s. value. For flicker, the frequency is in a range from a few 
millihertz up to approximately 35 Hz. The amplitudes are in a range up to a few 
percentage points. 

For harmonics, the spectrum is at present generally considered up to a fre- 
quency of 2.5 kHz. The amplitudes of the voltage are also in the order of a few 
percentage points. For current harmonics the values can be in the magnitude of 
the fundamental component or even higher. Voltage unbalances are generally in 
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Figure 5.1 Frequency range of perturbations 


the order of 1% to 2% and are relative to the fundamental component (see 
Chapters 2 and 3). 


5.2 Sampling systems 


5.2.1 General characteristics 


With the introduction of digital technology, instruments operating in the time 
domain have been pushed into the background more and more. The technology 
used in the measuring instrument market has improved rapidly. Computers have 
become increasingly powerful, characterised by a growing number of computing 
operations per time unit. Digital signal processing is also constantly entering 
new fields with regard to sampling frequency and amplitude resolution. Despite 
this, their use remains cost effective. 

The two quantities essential for digital signal processing are the sampling fre- 
quency and amplitude resolution. 

Figure 5.2 shows how an analogue measured signal is converted to a value- 
continuous sampling sequence by sampling in the time range. If the amplitude is 
then converted to discrete amplitude values, e.g. using an analogue-digital con- 
verter, this produces a value sequence which can be processed by a computer or 
digital signal processor (DSP). 


5.2.2 Basic structure of a digital measuring instrument 


The basic structure of a digital measuring instrument consists of a few com- 
ponents (see Figure 5.3). The measured signal is decoupled by an input adapter. 
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Figure 5.2 Amplitude and time discretisation 
a) continuous in time/continuous in range 
b) continuous in timeldiscrete in range 
c) discrete in time/continuous in range 
d) discrete in time/discrete in range 
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Figure 5.3 General block-structure of digital measurement systems 


This assembly limits the frequency range of the measuring instrument to the 
working range and protects the electrically-sensitive microelectronics. The 
frequency band is limited by a low-pass filter, 1.e. an antialiasing filter. 

An A/D converter converts the continuous analogue signal to a sampling 
sequence which is discrete with regard to both amplitude and values. The sample 
and hold elements are fitted between the input adapter and converter. The pur- 
pose of this component is to keep the signal to be measured constant for the 
period of the A/D conversion. 


132 Voltage quality in electrical power systems 


fs = 400/5600 Hz 


by 50 Hz 
U, 
ia BB ah c: Voltage 
Band-pass ? bana |_| ser neees 88! controlled ts 
filter Up so Aa oscillator 
Divisor Le 
1:8/1:112 


Figure 5.4 Phase-Locked-Loop unit (PLL) 


The sampling sequence provided by the A/D converter is then further pro- 
cessed by the arithmetic logic unit. Nowadays, this is a microcontroller, a digital 
signal processor or a complex processor system. This arithmetic logic unit also 
controls the display and generally any memory units. 

The sampling frequency and other control signals for the arithmetic logic 
unit, and also for any display, are generated by a controller. This can consist 
essentially of a crystal generator with corresponding divider stages or a 
phase-locked-loop (PLL) assembly. The generation of sampling and control 
frequencies using a crystal generator produces sampling sequences where the 
sampling impulses always occur precisely at the same intervals. This means that 
time sections from a recorded sampling sequence can be readily determined. 
This type of sampling frequency generation is used on oscilloscopes and 
other recording instruments, such as transient recorders. If, however, a sampling 
sequence is required which is in a numerically-fixed relation to a dominant 
frequency component in a measured signal, and if the frequency of this signal 
is subject to certain fluctuations, only a PLL can then be considered for gener- 
ation of the sampling frequency. The structure of this component is shown in 
Figure 5.4. 

In this case it should be noted that the frequency in the grid system of the 
UCTE can fluctuate within the 49.95 Hz to 50.05 Hz range [1] (see Figure 5.5). 

A direct assignment of measured signals to specific time points is no longer 
possible where a PLL is used. Either the frequency of the PLL or the corres- 
ponding equivalent numerical value must be stored. The timing can then be 
reconstructed using these values. The PLL is used mainly for harmonics 
analysers and flicker meters. 


5.2.3 Transient recorders 


Recording instruments or transient recorders are used to measure voltage fluc- 
tuations. The voltage fluctuation must then be evaluated using the time course of 
the measured voltage. The principle of measuring instruments for recording 
voltage fluctuations is shown in Figure 5.6. 

The characteristic features of a transient recorder are its amplitude resolution, 
its sampling frequency and its memory depth. The amplitude resolution is in the 
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Figure 5.6 General block-structure of a transient recorder 


12-bit to 14-bit range (4.096 levels up to 16.384 levels). The sampling frequencies 
range from approximately 10 kHz up to 100 kHz. Transient recorders with 
sampling frequencies of a few megahertz are now available for recording very 
fast signals, e.g. transient overvoltages. These instruments usually have an 
amplitude resolution of between 8 bits and 10 bits (256 levels up to 1.024 levels). 

The recorded measured values can be printed directly. Special program pack- 
ages or general statistical or tabular calculation programs can be used for further 
analysis of the measured values using a computer. 
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5.2.4 Harmonics analysers 


Various kinds of measuring instruments have long been in use for measuring 
harmonics. Harmonics analysers can, for instance, be designed on the basis of 
selective filters coupled with r.m.s. value measurement. Such instruments are 
now rarely found in use. Because of the technical developments in computer 
technology, instruments consisting of sampling systems and which calculate 
harmonic components using Fourier transformation, or discrete Fourier trans- 
formation (DFT), are more commonly used. 

A harmonics analyser which determines the harmonic components using 
Fourier transformation consists of the following components: 


measured signal coupling/amplifier, 

antialiasing filter, 

sample and hold elements, 

multiplexer (if required), 

A/D converter 

computer unit, 

display unit, 

storage medium, 

unit for generating the sampling frequency and a controller. 


The named components are combined in principle as shown in Figure 5.7. 

The measured signal can be input either galvanically separated or galvanically 
coupled. It is then amplified for the individual measurement ranges so that the 
best possible control of the A/D converter results. These components can also 
compensate for the fundamental component. The measured signals are then 
applied to the antialiasing filter and band-limited. After this initial processing, 
the signals are then passed to the sample and hold elements. 

The assemblies described up to now are provided for each measurement 
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Figure 5.7 General block-structure of a measurement system for harmonics 
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channel. Depending on the design of the instrument, the measured signals of 
the individual channels are either passed via a multiplexer to a central A/D 
converter, or each measurement channel may have its own converter. A/D con- 
verters in use today mainly have a resolution of 12 to 16 bits (4,096 to 65,536 
quantisation levels). The digitalised measured values are applied to the com- 
puter unit where they are analysed. From here, the measurement results are 
passed to the display, statistically processed and stored as necessary. The meas- 
uring instrument has a controller which contains as an essential component, a 
unit for generation of the sampling frequency. This is generally a precision 
timebase combined with a PLL. 


5.2.5 Flicker meter 


Either a transient recorder or flicker meter can be used to measure flicker levels. 
The flicker meter shows the instantaneous flicker impression p, and flicker level 
P,, or A, relative to an adjustable measuring interval (1 minute, 5 minutes or 10 
minutes) as a direct measured value. The principle of construction of a flicker 
meter using digital technology is shown in Figure 5.8 [2]. 

The flicker meter consists of various functional blocks [3]. The first block 
regulates the amplification of the measured voltage. The measured voltage is 
corrected to 100% via a first order low-pass filter with a correction time of 60 s. 
This step enables the voltage changes to be considered as relative quantities. 

Block 2 considers the squaring in the lamp transmission function (@ = U’). 
The signal is demodulated in a low-pass filter in block 2. This is a Butterworth 
low-pass filter of the sixth order. At the same time it suppresses the signal 
components with a double modulation frequency produced by the squaring. 
In block 3 the low-pass characteristic of lamps is simulated and this block 
also shows the form filter with a band pass characteristic for simulating the 
transmission function of the human eye. 


(a4 
F(s) = se 5 = (5.1) 
8 + 2sai s s 
(1+=) (1+=) 


The parameters are: 


k =1.74802 
A =27n 4.05981 
@, = 27 9.15454 


(@, = 22 2.27979 
co, = 27m 1.22535 
4 =2n 21.9 


Block 4 contains a variance estimator which is achieved by squaring with first 
order low-pass filtering (t = 300 ms). The signal of the instantaneous flicker level 
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Figure 5.8 General block-structure of a flicker meter with signals 
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Pr is present at the output of this block. This level is statistically evaluated in 
block 5 using the P,, disturbance evaluation method (see section 3.4.2). 


5.2.6 Combination instruments 


Various instruments can be used for measuring and investigating the voltage 
quality and determining the system perturbations, depending on the individual 
aspects to be considered. Table 5.1 is a summary of the assignment of instru- 
ments to the individual aspects of the determination of the voltage quality by 
measurement. 

Because of the high degree of integration that can be achieved with today’s 
technology, measuring instruments are available that are a combination of tran- 
sient recorders, harmonics analysers, flicker meters and oscilloscopes. These 
instruments are sometimes able to perform the individual measurement func- 
tions simultaneously. Furthermore, these instruments are fitted with special 
analysis functions and suitable software to evaluate the measurements. 


5.3 Measured value processing 


5.3.1 Statistical methods 


The instantaneous values of a characteristic are not evaluated directly when 
assessing system perturbations. Measurement results are assessed from a stat- 
istical viewpoint relative to compatibility levels. Overshoots of compatibility 
levels are permissible for short time periods. This applies, for example, for 
disturbed operating conditions and switching operations (see also section 1.1). 
Further aspects for usage of measuring instruments are: suitability for field use, 
ease of operation, data exchange, suitability for calibration. 


Table 5.1 Assignment of measuring instruments 


Unbalance Harmonics 


Flicker Interharmonic Complex evaluation 
Voltage fluctuation 
Measuring instrument | | | Measured Accuracy Present Possible 
x-t recorder time period 
mechanical O — up todays + No No 
electronic + — uptodays Oto+ No Yes 
storage oscilloscope + - - short Oto+ No Yes 
transient recorder + 0 + 0 O short Oto + 
spectrum analyser 
laboratory instruments O + short + Conditional Yes 
hand-held instruments - 0 uptodays —-to+ Conditional Conditional 
special instruments + + + uptoweeks + Yes Yes 


flicker meter ? + up to weeks + Yes / 
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Figure 5.9 Sequence of measured values s[n] 


Because of the problem that measurements of system perturbations and volt- 
age quality must usually extend over a long time period in order to enable an 
assessment or analysis, the usefulness of individual measurement results is 
extremely limited. This means that a great number of individual results have to 
be reviewed and assessed. For this reason, a series of simple methods which 
further process the actual measurement results for different purposes is used to 
evaluate and compress measurement results. 

In particular, the following method for processing a time sequence s(n) is 
considered very important. The time sequence can, in a way, represent each 
basic measured value of a measurement. At this point it is unimportant whether 
this is a voltage or a harmonic component. 

If one considers the example time sequence s(7) in Figure 5.9, the mean-value 
generation is a frequently-used method for smoothing the measured signal. It 
can be in the form of simple mean-value generation. In addition to this form, 
methods are also used whereby the root mean square value or geometric mean 
value are determined. In the latter case, for example, the long-term flicker 
disturbance value P,, is determined. 

The r.m.s. values of voltage and current are calculated using the root mean 
square value. 

Arithmetical mean value: 


3-5) (5.2) 


Root mean square value: 


So= > (5.3) 
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Figure 5.10 Sliding and non-sliding mean value calculation 


Cubic mean value: 


S=e > (5.4) 


i=1 


The deciding factor in the question of whether the data volume reduces during 
mean value generation or remains constant is whether the mean values are 
formed as ‘sliding’ or ‘non-sliding’ (see Figure 5.10). In the case of sliding mean- 
value generation the volume of data remains constant. This means that for each 
new value the first value of the interval under consideration is omitted and a new 
one added. If the mean value determination is non-sliding, the achieved reduc- 
tion in the volume of data depends on the length of the mean-value generation 
interval. In the case of mean values which are determined non-sliding, the signal 
course obtained depends, in some circumstances, on the starting point of the 
mean-value generation. Mean-value generation smooths a signal. 

A further step in describing a measured value sequence is the relative fre- 
quency. The relative frequency shows how many measured values, relative to the 
total number of measured values, of a sequence lie within a specific amplitude 
class. Figure 5.11 shows the relative frequency for the signal characteristic in 
accordance with Figure 5.9. With the relative frequency, the time relationship of 
the individual values of the output sequence are lost while sequences of any 
length can be concentrated in a limited space. The area in which the amplitude 
values and their distribution are located can be seen at a glance. 

The following applies for the frequency: 


Max 


hn] = >’ —i— (5.5) 


i=0 SAS; = Sn 
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Figure 5.11 Relative frequency of the sequence s[n] 


The relative frequency can also be calculated from the frequency h(n), as follows: 
A{n| 


(5.6) 


The measured values can also be described by determining the relative cumula- 
tive frequency. This is determined from the relative frequency by the summation 
of all the relative frequencies which are greater than, or equal to, the amplitude 
value under consideration. Figure 5.12 shows the characteristic of the relative 
cumulative frequency of the amplitude of the s() time sequence. 

The relative cumulative frequency can be determined purely formally in 
accordance with Equation (5.7). 


C[n] = S hal (5:7) 


The form shown in Figure 5.13 is generally chosen for system perturbations. 

From the course of the relative cumulative frequency, the amplitudes for dif- 
ferent time durations can be read, relative to the overall measurement time 
period. Determination of the relative cumulative frequency is also, for example, 
used in the P,, disturbance evaluation method. 

The 95% cumulative frequency value is used to check the compatibility level 
of harmonics. This means that relative to the interval being considered, the 
corresponding measured value of the voltage harmonic content must lie below 
the compatibility level for 95% of the examined interval. The measurement time 
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Figure 5.12 Cumulative relative frequency (normal representation ) 
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Figure 5.13 Cumulative relative frequency (representation for perturbations) 


period is to be matched to the load cycle and therefore its duration cannot be 
predicted. Figure 5.14 is an example of the course of the cumulative frequency 
of a characteristic quantity (fundamental component). The 95% and the 99% 
cumulative frequency values are entered in this example. 


5.3.2 Measuring and evaluation methods 


To build up a wide base for successful measurements requires a wide variety of 
measuring methods, as well as suitable ways of evaluating and organising the 
various results of short- and long-term measurements. 

A summary of the results of the direct physical measurements, combined with 
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Figure 5.14 Example for cumulative frequency of a characteristic quantity 


the sequential quantities derived from them, provides a variety of individual 
items of information with different content. These consist of the following 
quantities (see also sections 2.2.1 and 3.4). 


Voltage and current in the form of the instantaneous value These quantities can be 
measured directly and are stored in time sequence form. 


Voltage and current r.m.s. value These quantities are calculated from the particu- 
lar instantaneous values. 


Active, reactive and apparent power, power factor These are calculated either from 
the r.m.s. values or from the instantaneous values. 


Harmonic components for current and voltage according to amount and phase 
Fourier transformation is used for the calculation. Sequential quantities can, in 
turn, be calculated on the basis of these quantities. 

Angle of the harmonic components relative to the fundamental component 

Angle between voltage and current of the harmonic components 

Harmonic active power and harmonic reactive power 

Total harmonic distortion factor (THD) 


Weighted harmonic distortion for inductances 


Weighted harmonic distortion for capacitances 
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Partial weighted harmonic distortion 


Short-term flicker distortion value Py, A, Calculated from the voltage instant- 
aneous values using the flicker calculation algorithm. 


Long-term flicker value P,,, A, Calculated from the short-term flicker distortion 
values. 


Degree of unbalance of voltage and current Calculated from the fundamental 
components of voltage and current. 

In addition to these quantities or their time sequences, it must be possible to 
determine the relative cumulative frequency values from the particular time 
sequences for all values which are being considered with regard to compatibility 
levels. In this case it is advantageous if the frequency limit can be freely stipu- 
lated. In any case, the values of the 95% cumulative frequency must be deter- 
mined because the compatibility levels refer to this value. To properly determine 
the 95% cumulative frequency values relative to compatibility levels, the meas- 
urement time period must be chosen in advance so that it corresponds to a load 
cycle or a multiple of this time period. Often there is no information available in 
advance regarding the load cycle, so it is advantageous if the measurement 
segments used for the actual assessments can be freely stipulated. 


5.4 Accuracy 


5.4.1 Algorithms and evaluation 


The accuracy of a measurement, considered over the complete measurement 
sector including evaluation, statistics and display, is subject to different error 
influences. The actual measuring accuracy in the calculation when acquiring 
current and voltage measured values is considered in section 5.4.2. The assess- 
ment of the voltage quality is, due to the frequency range in which the various 
effects occur, only possible by using several measurement functions. Each 
measurement function is itself subject to various limitations. 

The harmonics analysis is, on the one hand, band-limited by the sampling 
frequency and, on the other hand, the window end from which the measured 
values are taken has an effect on the measurement result. If the harmonics level 
in a data block being analysed changes quickly, the resulting measurement will 
show large deviations. This particularly affects current measurements, such as 
current measurements on arc furnaces. To obtain accurate measurements the 
harmonic amplitude at a window of, for example, 160 ms or 200 ms must be 
almost constant for this time period. Disturbing influences occur when measur- 
ing flicker if very large voltage changes or voltage sags or voltage interruptions 
occur, because these cannot be depicted by the flicker meter algorithm. 

It is desirable to minimise quantisising influences to facilitate evaluation. This 
means that quantisising in the magnitude of the measuring resolution is 
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appropriate for processing measuring results in the statistics functions. Thus, at 
a measuring resolution of 0.1% of the nominal value, subdivision should also be 
made with categories of this magnitude. 


5.4.2 Instrument and isolating transformers, current clamp 


The desired or required measuring accuracy depends on the purpose of the 
measurements. The greatest measuring accuracy is required if the valid com- 
patibility levels obtained from an assessment of the measuring results are used 
as reference values. In these cases, where consequences associated with costs for 
the power supply company or customer may be derived from the measurements, 
the measuring instruments used must comply with a defined accuracy range. 
Furthermore, in these cases the metrological boundary conditions and methods 
of analysis must also comply with the stipulated models, which guarantee equal 
treatment and reproducible measurement results. For this reason, the standards 
for the design of measuring instruments for the measurement and assessment 
of system perturbations specify the essential parameters which affect the 
measurement results. The block diagram of the measurement instrument to be 
considered is shown in Figure 5.15. 

Particular attention must be paid to measuring accuracy where the measure- 
ments are taken via measuring transformers. 

According to EN 61000—4—7 (VDE 0847 part 4-7), the transmission proper- 
ties for voltage and current transformers of the various voltage levels should be 
assessed as follows. 

Figure 5.16 shows three typical examples for the transmission behaviour of 
current clamps for use in a low voltage system. These are current clamps which 
convert the measured current into an equivalent voltage (A) and also pure cur- 
rent clamps (B). The transmission behaviour of a Rogowski measuring coil is 
also shown (C). 


Low voltage: voltage and current transformers are generally well suited. 
Medium voltage: voltage values with 5% measurement uncertainty at approx. 
1 kHz; Angular error < 5° up to approx. 700 Hz 
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Figure 5.15 Principal structure of a measurement line 
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Figure 5.16a Current clamp, curve of amplitude versus frequency 
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Figure 5.16b Current clamp, curve of phase versus frequency 


High voltage: voltage transformers which are very suitable up to approx. 
500 Hz 
Highest voltage: voltage transformers not suitable above 250 Hz 


See Figure 5.17 for reference. 
When measuring the instantaneous values which are assessed in the time 
range, the sampling frequency, amplitude resolution, linearity and bandwidth 
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Figure 5.17 Cumulative frequency of error for VTs 
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are the essential parameters. This also applies, in a similar way to harmonics 
measuring instruments (see Figure 5.18). 

Of course, the type of windows for the measured values and the block length 
of measured data which must be used to determine the harmonics values have a 
decisive influence on the measurement results. The block length is particularly 
important when measuring harmonic levels which are not time constant, and 
not only affects the accuracy of the absolute value of the harmonics, but also 
has a quite considerable effect on the angular accuracy. 

The following requirements apply to the performance of ‘standard- 
compliant’ measurements of harmonics EN 61000-4—7 (VDE 0847 part 4-7). 


e The analysis interval must be matched to the equipment application. 

e The measuring accuracy must be sufficiently high (class A for test bay meas- 
urements, class A or B for field measurements). 

e The angular error must be less than 5° or less than / x 1° (Ais the harmonic 
order). 
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Figure 5.18 Accuracy requirements for harmonic measurements 


5.5 Use and connection of measuring instruments 


5.5.1 Low voltage system 


In a low voltage system the connection of measuring instruments is usually 
straightforward. The voltages can be measured without the use of measuring 
transformers. The current can frequently be measured without difficulty using 
current clamps. The disturbing effect of unknown transmission functions is thus 
precluded. When current clamps are used it is also unnecessary to disconnect 
any current transformer circuits. Figure 5.19 shows the possible measuring and 
load situations in a low voltage system. 

The measuring system is equally well suited for measuring harmonics and 
flicker. The phase-to-earth voltage and phase currents can be set in a direct 
relationship to each other. The phase-to-earth voltages are the measured vari- 
ables suitable for flicker measurement because the lamp is also supplied via the 
phase-to-earth voltage. 


5.5.2. Medium and high voltage systems 


Measurements in medium and high voltage systems can only be made through 
measuring transformers. The fitting of special instrument transformers with 
known transmission functions is not possible in the majority of cases of all 
measurements. The possible measuring and load situations are shown in 
Figure 5.20. 


148 Voltage quality in electrical power systems 


Symmetrical 
load 
Dy5 
y ca 
cae L_=} = L__| 
hon : ) + * | Symmetrical 
aaa: v © “p load 
Measurement 
| | Unsymmetrical 
ee : load 
Grid with earth-connected neutral point 


Figure 5.19 Connection of measurement system in a low voltage system (TN-System) 
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Figure 5.20 Connection of measurement system in a medium voltage system 


This means that when assessing the measurement results the notes in section 
5.4.2 regarding the effect of the transmission function of the transformer should 
be taken into account, particularly when assessing the measurements of har- 
monics. The transmission function does not play such a significant role in the 
assessment of the measurements of flicker. 

In contrast to the connection of measuring instruments in low voltage sys- 
tems, the connection of the measurement inputs in medium and high voltage 
systems can no longer be freely chosen. Depending on the construction of the 
transformer panels, the following various situations may arise in these cases (see 
Figure 5.21). 

Fully-instrumented transformer panels with three voltage and three current 
transformers are relatively rare in medium voltage systems. For the measurement 
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Figure 5.21 C.T. and V-T. connections in low and medium voltage systems 


of current, it is of lesser significance whether two or three current transformers 
are available. A missing current can, if necessary, be determined by ‘computation’ 
from two measured currents. This can also be achieved on the measuring 
instrument by a suitable connecting circuit. 

The situation is rather more complex when measuring the voltage. It is desir- 
able, when measuring harmonics, to measure the phase-to-earth voltage as well 
as the phase currents. In this way, information which can be assessed on the 
angular relationships between the harmonic voltages and the harmonic currents 
is also obtained. It is possible to convert the phase-to-phase voltages to phase- 
to-earth voltages via an artificial neutral point. However, this corresponds to the 
actual conditions only if the three-phase system does not have a zero sequence 
system. Furthermore, the artificial neutral point leads to a compensation of the 
harmonics of an order corresponding to a multiple of three. 

The phase-to-phase voltages are of interest when measuring flicker in MV 
systems. Zero phase-sequence occurrences have no significance with regard to 
the supply of the loads in medium voltage systems. It is particularly important 
that the phase-to-phase voltages should be measured in medium voltage systems 
with earth-fault compensation because then any change in the zero sequence 
voltage shows up in the measurement result. Any change in the system can in 
this case lead to changes in the zero sequence system. 
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5.6 Standardisation 


Standards stipulate binding regulations for various aspects of the measurement 
of system perturbations or voltage quality. The standards cover the compatibil- 
ity levels for voltage fluctuations, unbalance and harmonics (see sections 2.4, 3.6 
and 4.4) and also define the measuring and assessment methods and required 
measuring accuracy. 

Increasingly, the standard specifications no longer refer to the voltage levels to 
be set, but instead define groups of emitted interference which are permissible 
for individual items of equipment or groups of equipment. This circumstance 
also has a favourable effect with regard to the metrological assessment of meas- 
urements because an appropriate differentiation can be made between cause and 
effect. 

EN 61000—4—7 (VDE 0847 part 4-7) applies for the measurement of harmon- 
ics. This standard specifies the minimum requirements for instruments for meas- 
uring harmonics. It contains recommendations on methods of calculation, on 
the measurement range and on the statistical calculations. It also specifies meas- 
uring parameters and accuracy requirements. The accuracy requirements given 
in section 5.4.2 are taken from this standard. 

Instruments for measuring flicker are described in EN 60868 (VDE 0846). 
This standard contains the possible measuring methods and algorithms for the 
measurement of flicker. Test sequences which stipulate the measuring accuracy 
are also given. 


5.7 Characteristics of measuring instruments 


Despite the features which a measuring instrument for the measurement of the 
properties of the voltage quality must have specified in standards, there is still 
some degree of tolerance left for the design of measuring instruments. 

The properties which are specifically required depend to a large extent on the 
intended use of the measuring instruments. These objectives can be very varied, 
for example: 


assessment of voltage quality, 

compilation of a harmonics register, 
determination of basic values for calculations, 
performance of comparison measurements, 
determination of emitted interference, 
analysis of the causes of interference, 
checking and assessing of countermeasures, 
design and layout of equipment. 


If some of the characteristics of measuring instruments are considered, it can be 
seen that their importance varies depending on the purpose of the measurements. 
A few of these characteristics are listed and explained in the following text. 
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Table 5.2 Measurement inputs 


Voltage 100/V3 V Measurement range factor 1.4 
100 V Measurement range factor 1.4 
230 V Measurement range factor 1.4 
400 V Measurement range factor 1.4 


Other measurement ranges via transformers or scalers 


Current 1A Measurement range factor 2 
5A Measurement range factor 2 


Other measurement ranges via intermediate transformers 


Measurement inputs With regard to the measurement inputs, a suitable design of 
the measurement ranges is important, in addition to the number of channels of 
the voltage and current measurement inputs. For measurements in electrical 
power supply systems, the value ranges are distributed as shown in Table 5.2. 
Measuring instruments used in electrical power supply systems must have a 
sufficiently high overload resistance, so that they do not suffer damage in the 
event of a system fault. 

Any number of measurement channels can be found on the various measuring 
instruments. Four voltage and four current measurement channels are certainly 
sufficient. This enables a three-phase system to be completely measured and it is 
still possible to include the zero sequence system in the measurements in the low - 
voltage system. Three measurement channels for voltage and current are still 
adequate, even though a longer measurement time period is required for add- 
itional investigations of the zero sequence system. Instruments with only one 
channel for current or voltage are significantly limited. When only the current or 
the voltage can be measured at one time this makes it distinctly difficult in many 
cases to analyse the relationship between cause and effect. 


Measurement functions A consideration of desirable measurement functions 
leads to the conclusion that, in addition to the harmonics analyser and flicker 
meter as special measurement functions, an oscilloscope function performs use- 
ful services. Because special effects apply to only one part of a system period it 
could, in fact, be shown with the first-named measurement functions that a 
precise measurement or analysis is not possible for machine start-ups or com- 
mutation processes. If these considerations are extended to features which occur 
for durations of between only a few periods and a few seconds, the standard 
transient recorder is in many cases the only instrument for the more precise 
analysis of certain phenomena. 


Bandwidth The bandwidth of the measuring instruments depends on the pur- 
pose. According to the stated standard (EN 61000-4—7; EN 60868), it can be 
determined that harmonics analysers must have a minimum bandwidth of 
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2.0 kHz. These instruments can then measure harmonics up to the 40" order. A 
bandwidth of 1.25 kHz is sufficient for many investigations. Nevertheless, har- 
monics of the 25" order can still be detected. For many measurements which 
extend into the area of disturbance analysis and fault diagnosis it is best to have 
the largest possible bandwidth. Instruments with a 2.5 kHz or 3.0 kHz band- 
width, which can then measure the harmonic components up to the 50" or 60" 
order, frequently provide interesting additional information. A flicker meter does 
not require such a large bandwidth. In this case values of 0.4 kHz to 1.2 kHz are 
sufficient, depending on the sampling frequency. 

If, however, the instruments are provided with the functionality of an oscillo- 
scope or transient recorder, the bandwidth must be as large as possible. If, for 
instance, commutation oscillation with an oscillation frequency of 4 kHz is 
examined, this signal characteristic can be detected even at a sampling frequency 
of 8 kHz, but for a clear depiction a sampling frequency of approximately 
40 kHz is necessary (ten times the signal frequency). 


Measurement time period For measurements of voltage quality and system per- 
turbations in electrical systems of the public supply system it can be assumed 
that a complete measurement period with a duration of one week will be used. 
Measurements in industrial systems or measurements which are specified by a 
prepared measurement schedule, whereby, for example, specific system states can 
also be appropriately set, require considerably shorter measurement periods. 


Data recording Data recording for long-term measurements must in most cases 
be performed with an averaging interval of 10 minutes, in order to ensure 
standard compliance. 

If the dynamics of the recorded measured quantities are of interest, a shorter 
averaging interval is useful. At an interval of one minute, 1440 measured values 
are obtained over a 24 hour period. This means that a measurement covering 
one week consists of 11520 measuring intervals. The measuring instruments 
and the corresponding evaluation program must have sufficient capacity 
for these quantities. A very short measuring interval is important for special 
investigations. This should just be seconds. 


5.8 Performance of measurements 


Measurements are generally taken for quite different reasons. The first step in 
the preparation of a measurement is to define the objective of the measurement. 
The question ‘What is to be achieved?’ must be answered. The next step is 
choosing the measurement site and specifying the measuring instruments. When 
the measurement site and measuring instruments have been established, aspects 
of the connection of the measuring instruments must be considered. Particu- 
larly where measurements are to be taken over a long time period, the measur- 
ing instruments should be located in order to cause the least disturbance. In 
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switchyards, particularly in customer systems, this may not be quite so simple. 
The installed measuring set up must also be adequately protected against 
unauthorised access. 
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Chapter 6 


Countermeasures 


6.1 Assignment of countermeasures 


Countermeasures to compensate for system perturbations can be applied at 
different points in the electrical system (see Figure 6.1). 

The various measures are dealt with in the following text, with reference to 
Figure 6.1. 


6.2 Reduction of the emitted interference from consumers 


When dealing with compensation of harmonics in a consumer network con- 
nected through a transformer to the supply system, the transformer circuits 
shown in Figure 6.2 are particularly suitable for compensation for the third 
order harmonic. Because the third order harmonic forms a pure zero sequence 
system with regard to its representation in symmetrical components (see section 
1.4.3), the use of transformers which permit no transmission of the zero 
sequence system from the primary to the secondary side enables this harmonic 
to be compensated for. Because of the asymmetries of the transformer construc- 
tion, the impedance of the zero sequence system is finite. This causes the 
transmission of the third harmonic from approximately 10% to 15% via the 
transformer windings. 

If the supply system is connected at the consumer end through converters, e.g. 
for drives, the control process can be optimised to achieve a low harmonic 
distortion. 

This can be achieved by two six-pulse circuits. By means of a three-winding 
transformer the current components are superimposed in such a way that the 
resulting supply current in particular contains a component of the twelfth 
harmonic with a correspondingly-low amplitude (see Figure 6.3). 

Line-commutated converter circuits can operate only in block mode because 
the thyristors require commutating voltage (Figure 6.4a). Self-commutated 
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Figure 6.1 a) Countermeasures related to disturbance emission (disturbance source ) 
b) Countermeasures related to disturbed consumer (disturbance drain) 


converter circuits on the other hand require no commutation voltages and are 
therefore capable of high-pulse operation (Figure 6.4b). This enables the har- 
monic distortion to be significantly reduced, as is shown clearly by the current 
spectra in Figure 6.4. 

The effect of form factor, frequency and change in voltage amplitude on the 
flicker value from the point of view of a reduction of flicker on the process side 
has been shown in section 3.3.3. 

A measure frequently used to limit voltage sags in drives is the integration of 
starting-current limiting (starter with autotransformer, starting via a resistor or 
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Figure 6.2. Switching arrangement of transformers 
a) saturation of transformer, avoidance of 3rd harmonic in secondary voltage 
b)non-linear load, avoidance of 3rd harmonic in primary current 
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Figure 6.3 Arrangement of six- and twelve-pulse rectifier 


reactor, part-winding starter, star-delta starting) or soft starters. In this case, 
however, the harmonics caused by these devices in the partial-load range must 
be considered [1]. 

Where arc furnaces and welding machines are used, the choice of d.c. furnaces 
or d.c. welding machines and the inhibiting of individual part-consumers can 
also lead to a reduction in the level of the voltage sags. On welding machines, the 
flicker form factor can be changed by choosing a waveform of the welding 
impulse to reduce the flicker. The same can be achieved for furnaces by changing 
the electrode control, whereby this measure can also be used to change the 
flicker frequency. 

Any impairment of the production process and any expense attributable to 
installation or protection measures must be taken into account when assessing 
these measures. 
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Figure 6.4 Control strategies for converter circuits 


a) line-commutated strategy 
b) self-commutated strategy 


6.3 Consumer-related measures 


6.3.1 Filter circuits 


Sections 6.3.1, 6.3.2, and 6.3.3 are based mainly on the papers referenced under 
[7] and [8]. Capacitors without blocking reactors form a parallel resonant circuit 
with the supply system inductivities (see section 2.3.3). By resonance amplifica- 
tion they can thus contribute to an increase in the harmonic distortion of the 
power supply system. The resonance amplification acts both on the disturbance 
level in the transmission network and also on the harmonic currents generated 
in the customer network. Excessive harmonic disturbance levels not only cause 
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Figure 6.5 Power system diagram and impedance curve for parallel resonance circuit 


Parallel resonance 


capacitors to be very quickly overloaded due to their frequency characteristic, 
but can also disturb the operation of other consumers. A higher design voltage 
for capacitors is therefore not a solution. For a resonance amplification to 
be critical, a resonance close to a typical harmonic frequency is sufficient 
(see Figure 6.5). 

In addition to parallel resonance, where capacitors without blocking reactors 
are installed, series resonance (see section 2.3.3) to the primary power supply 
system can also occur. In the case of series resonance (Figure 6.6) the current is 
essentially drained, i.e. no current amplification occurs. Of course, at this reson- 
ance the voltage harmonic content at the installation level of the capacitors is 
also magnified and operating conditions can thus result which are completely 
unacceptable for the customer if resonance close to a typical harmonic 
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Figure 6.6 Power system diagram and impedance curve for series resonance circuit 
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frequency occurs. Supply system resonances in the area of typical harmonic 
frequencies often trigger circuit breakers. 

In compensation systems blocking devices are used, even at relatively low 
harmonic distortion, in order to avoid resonance problems, particularly in the 
area of telecontrol frequencies (TF). 


Recommendations 
e TF < 160 Hz: 7% blocking reactor 
e TF=160Hzto190Hz: combined filter 
e TF=190 Hzto 250 Hz: = 12.5% blocking reactor 
e TF> 250 Hz: 7% blocking reactor 


Critical resonances in the area of typical harmonic frequencies can generally 
be avoided by suitable blocking of capacitors. This not only protects the capaci- 
tors from overload but also protects the complete system from the effects of 
resonance amplification. Blocking reactors prevent the increase in the harmonic 
distortion due to resonance amplification while at the same time improving the 
quality of the supply system because blocking the capacitors has a drain effect 
on harmonic currents. When choosing the type of blocking, the telecontrol 
frequency used in the network area of the relevant power supply company must 
also be taken into account, to avoid impermissible influencing of the telecontrol. 

In filter circuit systems (Figure 6.7), the individual filter circuits are each 
tuned to a typical harmonic frequency. In this case the property of the series 
resonance is appropriately used to amplify the drain of the harmonic currents 
and thus substantially improve the network quality. Such filter circuit systems are 
actually considered to ‘clean’ the customer power. When designing such systems, 
the harmonic distortion of the primary network must, however, not be forgotten, 
because the harmonic currents coming from there simply cannot be ignored. 

In the case of the fifth harmonic, a quite considerable additional loading must 
be expected because of the wide use of consumer electronics (TV). 
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Figure 6.7 Power system diagram and impedance curve for filter circuit 
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Where filter circuit systems are connected directly to the supply network, the 
filter circuits act on all harmonic sources in the customer network. Furthermore, 
a high harmonic distortion introduced from outside results, must be allowed for 
when designing the system. Decoupling with current limiting or commutating 
reactors not only substantially increases the drain effect on the primary 
harmonic generators but also distinctly reduces the harmonic distortion from 
outside. A network decoupling is thus particularly useful if there is only a low 
compensation requirement or if several filter circuit systems in the same network 
cannot be coupled because of differences in design (Figure 6.8). 

Filter circuits with the same resonant frequency, which are designed for 
operation in parallel on the network, must be coupled by switchable equalising 
conductors, in order to avoid different harmonic distortions and thus an over- 
load of the filter circuit (Figure 6.9). Without such a coupling, tolerances in the 
tuning would lead to very different harmonic distortion, whereas equalising 
conductors result in an equal relative harmonic distortion. Another con- 
sequence is that filter circuits of different design cannot be coupled. In this case 
adequate decoupling must also be provided, if necessary. 

Filter circuit systems which are largely decoupled from the network by commu- 
tating reactors require no additional compensating lines when operated in paral- 
lel in the same network. The decoupling is itself sufficient isolation. Such filter 
circuit systems can be considered exclusively as assigned to the corresponding 
harmonic generator, the harmonic distortion from outside is comparatively low 
compared to systems connected directly to the network (Figure 6.10). A filter 
circuit system can, of course, be combined with a direct network connection 
(e.g. installed for several harmonic generators) to systems decoupled from the 
network (which are designed in each case for only one harmonic source) without 
coupling by equalising conductors being necessary. 
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Figure 6.8 Connection of filter circuits 
a) direct coupling to power system 
b) indirect coupling to power system 
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Figure 6.9 Coupling of two filter circuits with identical resonance frequency 
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Figure 6.10 Decoupling of two filter circuits with identical resonance frequency 


Multistage filter circuit systems must always be constructed in a gapless 
sequence for the typical harmonic frequencies. It is also not possible to dispense 
with filter circuits for this frequency for 12-pulse converters because of the ever- 
present disturbance level of the fifth and seventh harmonic. Multistage filter 
circuit systems are always switched in with increasing sequence and switched off 
in the opposite sequence, to avoid critical resonance amplifications and the 
resulting system overloads. An incorrect switching sequence must therefore be 
prevented by interlocking that is also effective even if a filter circuit fails. 

There are various protective devices for filter circuit systems (Figure 6.11), 
such as: 
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Figure 6.11 Switching sequence of three filter circuits with different resonance frequencies 


e interlocking of the switching sequence, 
e temperature control of filter circuit reactors, 
e safety monitoring, 

e measurement of harmonics distortion, 

e detection of asymmetry of the filter circuits. 


For all monitoring systems, there is a facility to indicate the status, provide a 
warning and shut down the system. 


6.3.2 Dynamic reactive power compensation 


Flicker disturbances or voltage fluctuations are caused mainly by changes in the 
reactive power, but changes in the active power can also cause the supply voltage 
to change. The disturbing effect of both the reactive power flicker and the active 
power flicker can be rectified by compensation. The most important factor in 
this case is a system reaction time which is as short as possible. In contrast to 
conventional control systems the compensation demand is preferably deter- 
mined by measuring the load current. This open-loop method substantially 
reduces the control lag. In special cases a direct control is also installed to deal 
with flicker disturbances. Figure 6.12 shows the topology of such a dynamic 
reactive power compensation system. 


6.3.3 Symmetrical connections 


Network asymmetry can be rectified by reactive power compensation and 
symmetries corresponding to the Steinmetz circuit (see Figure 6.13). If several 
high-power, two-phase loads are operated independent of each other in a net- 
work, a considerable effort may be required to remove disturbing network 
asymmetries. 
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Figure 6.12 | Dynamic reactive power compensation 
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Figure 6.13 Circuit connection for symmetrical power system connection of 
unsymmetrical load 
a) electrical diagram 
b) load seen from the power system 


6.3.4 Active filters 


The filter circuits described in section 6.3.1 are also known as passive filters, 
designed to compensate for defined harmonics. The problems associated with 
these are also dealt with in the aforementioned section. A completely different 
mode of operation is created by so-called active filters, with self-commutated 
converters being used to compensate for distortive reactive power by injecting 
the negative harmonic spectrum. Seen as a presentation of a model, the passive 
filter drains an n“ current harmonic due to resonance. The active filter, on the 
other hand, causes an addition of the negative harmonic currents. These func- 
tions are compared in Figure 6.14. An important feature in this case is allowing 
for the switching frequency as a limiting factor. 

The suitability for use of active filters to compensate for harmonics is examined 
first. In this case the network connection used with self-commutated converter 
circuits is particularly significant. The use of active filters to compensate for 
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Figure 6.14. Connection of shunt-connected active filter and passive filter 


low-frequency system perturbations, and particularly flicker compensation, are 
then dealt with in conjunction with a consideration of energy storage devices. 
The active filter described is normally designed to function as a parallel filter 
as shown in Figure 6.14 (direct compensation of current harmonics) with it 
being possible to use the current or voltage at the connecting point as a control 
variable. The active filter can also be designed to function as a series filter, as 
shown in Figure 6.15 (isolation of voltage harmonics). In this case the active 
filter is used as a voltage source to screen sensitive consumers from system 
perturbations. It can also be used to compensate for voltage reduction and 
voltage sags. However, an energy storage device e.g. battery is then required. 
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Figure 6.15 | Connection of series-connected active filter 
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In conjunction with the construction of active filters, the following can, in prin- 
ciple, be used as self-commutated, directional valves. 


e GTO Gate turn-off thyristor, 

e IGBT Insulated gate bipolar transistor, 

e Power MOSFET Metal-oxide semiconductor field effect transistor, 
e MCT Metal-oxide semiconductor controlled thyristor. 


The system converter circuit can be designed either as an /- or a U-converter. 
In the first case, a current source on the d.c. voltage end is used, and in the 
second case a voltage source. Industrial development of converter technology in 
recent years has clearly shown that the U-power technology has come to the fore 
for self-commutated circuits and thus is particularly suitable for use as an active 
filter. 

Associated with this is the idea of a so-called Unified Power Conditioning 
System (UPCS) [2]. The following are the performance features of this pulse- 
width modulated IGBT converter: 


e reduction in commutation notches, 

e reduction in harmonics, 

e reduction in voltage fluctuations (flicker), 
e provision of reactive power. 


This results in the topology for the UPCS shown in Figure 6.16. Depending 
on the required improvement in voltage quality, the UPCS power for operating 
systems with a multiple of the UPCS power is sufficient because the deviations 
of the voltage from its ideal value is only in the percentage range. A fraction of 
the total customer load is also sufficient for the reactive power provision. 
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Figure 6.16 Principal diagram of Unified Power Conditioning System (UPCS) 
S, electronic switch 
UPCS converter in IGBT-technique 
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The control algorithm of the UPCS operates in the time domain, 1.e. in real 
time. This means that each instantaneous voltage change can be corrected in 
fractions of a millisecond, whereas a control algorithm operating in the 
frequency range requires a few milliseconds to first analyse the disturbing phe- 
nomenon before providing control instructions for its correction. Such systems 
therefore have a lower performance in compensating for high-frequency system 
perturbations, compared with systems which provide control in the time 
domain. The design and use of a UPCS are described in detail in section 6.6.1. 

For an active filter to be used for system perturbation compensation, it also 
needs, in addition to being connected to the system by self-commutated con- 
verter elements, an energy storage device for the provision of compensation 
active- or reactive power. 

A capacitor is sufficient as an energy storage device for harmonics compensa- 
tion. If flicker is considered as well, capacitors are generally no longer sufficient. 
For this, energy storage devices with a larger energy capacity, as described in the 
following, are required. In this case, the use of such systems is substantially more 
cost effective if other functions (stand-by power supplies, load management, 
stabilisation) can still be provided at the same time. 


6.3.4.1 High-performance batteries 


Lead-acid batteries presently dominate the field of stationary battery applica- 
tions for electrical power supply. Their design varies depending on the applica- 
tion. Load management requires systems designed for a long life cycle, while 
particularly reliable systems are needed for the stand-by power supply area where 
discharge and subsequent charging operations rarely occur. Electrolyte circula- 
tion aids are used to prevent stratification of the battery acid during operation. 

Nickel-cadmium batteries are particularly suitable where shorter discharge 
times and longer service lives are required but such systems may cause problems, 
particularly with regard to environmental compatibility and cost. Compared 
with lead-acid batteries, the increased reliability of the individual cells must be 
set against the greater number of cells required. 

Sodium-sulphur batteries have been developed mainly for mobile applications 
and, compared with lead-acid batteries, have the advantage of a lower weight 
and smaller external dimensions. The chemical process within the battery takes 
place without the output of heat loss and the theoretical charging efficiency is 
thus 100%. The process temperature is 340 °C. Because the internal temperature 
rise is unacceptably high for large discharge currents, there is, at present, an 
extremely low power density for short-term storage. Because of the very high 
cost of sodium-sulphur batteries, these systems will not be significant in the 
immediate future for stationary use. 

Overall it can be seen that lead-acid batteries will also continue in future to 
dominate as stationary batteries for power supply, particularly due to the 
demonstrable cost-effectiveness. Figure 6.17 shows the principle of operation 
of electrochemical energy storage for the lead-acid battery. 
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Figure 6.17 Electro-chemical process in a lead-acid battery 


The reaction equations for the positive electrode are as follows: 
PbO, + H,SO,+ 2 & — PbSO,+ 2 OH™ (6.1) 
and for the negative electrode are: 
Pb + H,SO, > PbSO, + 2 & + 2 H* (6.2) 


Because of their specific discharge characteristics or internal resistances, the 
exclusive use of batteries to compensate for voltage fluctuations is not appropri- 
ate. But when used together with a suitable system connection, possibilities for 
multifunctional use of such overall systems in different time ranges result. 


6.3.4.2. Superconductive magnetic energy storage 


Because an extensive parallel circuit of capacitors is not without problems and a 
battery due to its dimensions and internal resistance is frequently not the opti- 
mum solution for a fast power pulse, a superconductive magnetic energy storage 
device (SMES) is necessary where high power is required for short periods. 

In a superconductive magnetic energy storage device the energy is stored in 
the magnetic field of a superconductive coil. This requires temperatures of 4 K 
(metal superconductor) or up to 77 K (ceramic superconductor) to guarantee 
the superconductive state (R=0) and thus the actual storage property of the 
system. Liquid helium (4 K), gaseous helium or liquid nitrogen (4 K to 77 K) is 
used for cooling. The superconductance also depends on the external magnetic 
field and the actual current in the conductor. There are also critical values here 
which may not be exceeded, otherwise the superconductive state is lost (so-called 
quenching, see Figure 6.18). 
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Figure 6.18 Operating diagram of a super-conducting circuit 


Although ceramic superconductors have interesting values with regard to 
critical temperature, only very low critical currents can be achieved in these 
temperature ranges and thus, for technical and economic reasons, only metal 
superconductors can at present be considered. The basic design of such an 
SMES is shown in Figure 6.19. 

The energy which can be stored in a coil as shown in Figure 6.19 is as follows: 
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Figure 6.19 Super-conducting Magnetic Energy Storage (SMES) 
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Figure 6.20 Electrical diagram of SMES with rectifier 


In order for an SMES to also be able to utilise the advantages of a U-converter 
topology (see above), a link, as shown in Figure 6.20, is required between the 
impressed SMES and the line converter requiring a voltage of maximum con- 
stancy. Where used in a four-wire system this voltage, ideally, should be provided 
with a loadable neutral point. 

An ideal link element should meet the following requirements: 


reliable provision of a constant voltage for the line converter, 

guarantee of a smooth operation of the SMES, 

e decoupling of the high-frequency switching operation of the line converter by 
the SMES, 

e protection of the SMES in the event of malfunctions. 


In this case, the circuit arrangement and operation of the line converter are 
designed particularly to reduce the thermal loading of the SMES and ensure 
integration of protective functions. In addition, a loadable neutral point for use 
in a four-wire system is provided, without the line converter having to be fitted 
with a suitable secondary control. 


6.3.4.3 Gyrating mass flywheel 


In a gyrating mass flywheel (GMF), the energy is stored in the form of kinetic 
energy in a rotating flywheel. 
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E= ae (6.4) 
2 
In operation, the flywheel is driven at variable frequency by an electric motor/ 
generator controlled by an inverter control. This converts the electrical energy to 
kinetic (rotation) energy which is stored in the flywheel and converted back into 
electrical energy as required. 

To store a large amount of energy requires either a high speed angular vel- 
ocity w or a corresponding high moment of inertia 6 to be applied. This energy 
is converted to electric current by a motor-generator unit and supplied to the 
consumer. At present, a distinction is made between low-speed storage devices 
running at approximately 3000 rpm. and high-speed storage devices with 
speeds of up to 20000 r.p.m. The high-speed systems are relatively more compact 
because of the lower requirement for the moment of inertia. However, the 
development of the high-speed systems presents a challenge because of the 
speed-related friction losses. The introduction of magnetic bearings has enabled 
the performance of gyrating mass flywheels to be substantially increased. 
Because in a magnetic bearing (superconductive magnets are also used) there is 
no contact between the moving parts, a large part of the operating and devel- 
opment problems associated with conventional bearings (ball and roller bear- 
ings, plain bearings and gas bearings) is avoided. There is still more development 
work to be done on high-speed systems and at present the only economically 
attractive systems available on the market are the low-speed systems. 

The advantages of modern gyrating mass flywheels compared with con- 
ventional accumulators are a service life which is longer by a factor of at 
least 10°, lower losses during long-term storage, higher output power during 
short-term storage and very good environmental compatibility. 

The gyrating mass flywheel is thus, in principle, equally suitable for long-term 
storage and for short-term storage (fast power storage). This opens up many 
promising applications which cannot be economically met by the SMES or the 
high-performance battery. The topology ofa system which is suitable for stand-by 
power supply and system perturbation compensation is shown in Figure 6.21 [3]. 
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Figure 6.21 Gyrating mass flywheel 


172 Voltage quality in electrical power systems 


6.3.4.4. Comparison of various energy storage devices 


Table 6.1 shows a comparison of the aforementioned energy storage devices for 
the application of stationary storage devices under consideration with regard to 
the compensation of system perturbation. 

It can therefore be seen that at present the lead-acid battery, low-temperature 
SMES and low-speed gyrating mass flywheel in particular are economically 
significant. Batteries are particularly used for stand-by power supply applica- 
tions, while gyrating mass flywheels and also SMES are worth considering 
as short-term storage devices to compensate for low-frequency system 
perturbations. 


6.4 Measures related to power systems 


6.4.1 Measures during network planning: system strengthening measures 


The short-circuit currents, or the short-circuit power, can be considered to have 
both unfavourable and favourable properties. On the one hand fault currents 
can, under certain circumstances, cause high thermal or mechanical stresses in 
the power supply equipment, thus necessitating limiting these currents in con- 
junction with a mode of operation of the power supply equipment which affords 
the longest possible service life. 

On the other hand, high short-circuit currents are desirable and, in many 
cases, even necessary in order to provide a safe activation criterion for the power 
supply protection and to guarantee selectivity. Furthermore, a small power sys- 
tem internal resistance (a high short-circuit power), is necessary if consumers 
with a heavily-fluctuating power requirement are to be connected, to ensure that 
system perturbations can be held within permissible limits. It must also be con- 
sidered that the penalty for achieving a low power system internal resistance, 
including system strengthening measures, can be that suitable equipment has 
to be installed and that this is often associated with high costs and also with 
difficulties in obtaining legal approval. 

Therefore, with regard to short-circuit currents, the principle ‘as high as 
necessary, but as low as possible’ still applies today both for network planning 
and operation. Therefore, a reasonable balance must be struck between tech- 
nical and economic requirements with regard to the limitation of short-circuit 
currents. The procedure for assessing the existing short-circuit power, with 
regard to the maintenance of certain compatibility levels, is detailed in the fol- 
lowing and the requirements regarding system strengthening measures can be 
derived from this. 

The connection of a harmonics-generating new customer to a public power 
supply system is a standard task of network planning. The question of whether 
electromagnetic compatibility for all equipment to be operated on the 
system can be guaranteed under present or future conditions has to be clarified. 
Normally, changes in the status quo due to the connection of a new customer 
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are predicted by simulation calculations in order that the necessary measures 
can be implemented at the planning stage. 

Of central importance is the superimposition of the harmonics caused by the 
new connection on the random basic levels already present in the system, which 
can be caused by low-power non-linear consumers. 

The two following basic procedures are used. 


e The arithmetical superimposition of the instantaneous values of the har- 
monic under consideration relative to the indirectly-coupled load—the result 
of such an assessment is on the safe side and, because of the lower cost for the 
input data, is easy to deal with. 

e Taking account of the statistical nature of all harmonic currents and imped- 
ances with regard to amount and phase. A simulation process of this kind 
describes in detail by using distribution functions, the real relationships of the 
random harmonic voltage at all network nodes, but does not have any inher- 
ent safety margins. This method is more demanding with regard to the input 
parameters required. 


Because of the random character of distributed small users, statistical methods 
are used for their simulation. Overall it is accepted that mathematical calculation 
procedures with sufficient accuracy for harmonics in public supply systems are 
available. These procedures are much more difficult to use because the cost of 
procurement of the necessary input data is sometimes high and also by their 
random character. The distributed small users present the greatest problem in 
this respect. The harmonic conditions in the public supply system are always 
determined by the load- and frequency-dependent impedances and the original 
harmonic currents of the small consumers. Because of the nature of the con- 
sumer, both are random variables and therefore accessible only by statistical 
means. The resulting harmonic conditions in the complete system at any 
amplitude and phase angle of the converter harmonics can be examined and 
violations of the compatibility level can be predicted. 

Approaches of this kind to allow for certain consumers who generate har- 
monics can also be included in long-term planning. This means that on the 
basis of the actual situation and the anticipated development with regard to 
harmonics generators it can be determined whether the permissible compatibil- 
ity level in the system is being maintained, the time point at which any problems 
can also occur in this connection and what measures with regard to system 
(expansion) planning or other methods of compensation are to be taken, and 
when. 


6.4.2. Measures with regard to system operation: short-circuit current 
limitation 


To increase the short-circuit power in undisturbed operation without at the same 
time increasing the actual short-circuit currents which occur in the event of a 
malfunction, the use of so-called short-circuit limiters at various points in the 
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electrical supply system is recommended. Particularly with regard to current 
discussions and developments, in conjunction with the liberalisation of power 
supply, it will be necessary to have a system whose use offers an optimum eco- 
nomic solution with regard to network planning and operation. There are many 
interesting possible applications for such equipment. 


Voltage quality, system perturbations The supply to customers requires that for 
load flow reasons a system connection must be provided which has adequate 
transmission power from lines and transformers. However, the system pertur- 
bations (harmonics and flicker) of customer equipment are increasingly of 
influence in the design of the connection, as the aforementioned large power 
electronic equipment as well as large arc furnaces, welding machines etc. require 
connections with a high ‘voltage rigidity’, i.e. a high short-circuit power. In the 
past this has led, in individual cases, to customers having to be connected to a 
higher voltage level than was necessary for their energy requirement. 

By coupling busbars via short-circuit current limiters, the short-circuit power 
in normal system operation could, in some cases, be approximately doubled 
without having to change the operating equipment. This meant that in these 
cases a connection to the primary supply system at a higher connected power 
level would only be necessary if such a supply would also be useful for load flow 
reasons. 


Use of transformers with lower short-circuit voltage u, Transformers (110 kV/ 
medium voltage) with a lower u, can be used if short-circuit limiters are fitted in 
the outgoing transformer circuit. From the point of view of network perturba- 
tions (see above), this enables the short-circuit power occurring in the 10 kV 
systems to be again increased in individual cases by approximately 150% to 
200%. 

Overall, this presents the possibilities, shown in Figure 6.22, of fitting short- 
circuit limiters in the electrical supply system. 

A common method of achieving sufficiently high attenuation of the short- 
circuit power in the event of faults in the medium voltage system is the installa- 
tion of short-circuit reactors. The reactor shown in Figure 6.23a connects both 
sub busbars and in normal operation is almost de-energised. It does not mark- 
edly increase the system internal impedance until a short-circuit has occurred. 

However, the use of reactors as shown in Figure 6.23b and 6.23c has a detri- 
mental effect in that, although it increases the internal impedance in the event of 
a short-circuit, load current flows permanently through it in undisturbed oper- 
ation. This means that their reactances are completely effective in normal 
operation and are thus detrimental to voltage stability. A further disadvantage is 
that the use of short-circuit reactors is limited to the medium voltage level. 

The most effective measure for limiting short-circuit current at present is 
considered to be the so-called pyrotechnic short-circuit current limiters (see 
Figure 6.24). If a short-circuit occurs, these cause a contact to be blown open by 
an explosive capsule as soon as there is a rise in the current. 
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Figure 6.22 Application of short-circuit limiting devices (SLD) in power systems 
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Figure 6.23 Application of short-circuit limiting reactors 


The current is thereby commutated on a high voltage fusible link arranged in 
parallel to this contact, which then limits the current and quenches the arc. 
Because frequently only short-circuit limiting but no unselective shutdown is 
required, the short-circuit current limiters in such cases are arranged parallel to 
short-circuit reactors. In fault-free operation they are short-circuited by the 
short-circuit current limiters. The great disadvantage of these limiters is that 
their operating principle is not inherently safe, i.e. the current must be measured 
and evaluated, a trigger signal transmitted and an explosive capsule fired. 
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Figure 6.24 Application of an explosive short-circuit limiting device 


The use of an optimised power electronic short-circuit current limiter using 
thyristor technology (Figure 6.25), which as a three-phase voltage controller can 
guarantee both starting-current limiting and also soft starting, enables the 
short-circuit current to be shut down within the first 1 to 2 ms after occurrence 
of the fault by an additional quenching circuit, thus ensuring immediate reavail- 
ability after rectification of the fault. In addition, the occurrence of overvoltages 
is avoided by a soft limiting of the short-circuit current. In a steady-state condi- 
tion no system perturbations of any kind associated with the operation of the 
equipment occur [5]. 

Compared with other concepts of current limiting which require external 
triggers, a superconductive short-circuit current limiter (SSL) is able to operate 
with inherent safety due to the properties of the material of the superconductor, 
because the superconductor quenches if a current limit is overshot (changes 
from a superconductive to a normal conductive state). Another aspect of central 
significance is the regeneration process of the superconductor, i.e. the time taken 
by recooling after a quench until the superconductive state is again restored. The 
SSL in Figure 6.26 in this case represents a self-generating component which can 
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Figure 6.25 Application of an electronic short-circuit limiting device 
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Figure 6.26 Application of a super-conducting short-circuit limiting device 
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return to its normal operating state. This is a major advantage of the SSL 
compared to short-circuit current limiting concepts where the subcomponents 
are irreversibly damaged after triggering the limiter and have to be manually 
replaced. It should of course be mentioned that, because of the technology, the 
SSL will not be of great economic interest in the short term. 


6.5 Cost analysis 


The main function of the cost-benefit model is to determine the relative poten- 
tial of individual countermeasures to reduce system perturbations. The aim is to 
obtain useable, realistic results within a short time. There are various techniques 
for calculating the cost-benefit values, such as repayment or internal repayment 
rate (IRR). The cost-benefit calculation is performed using financial techniques 
which are generally accepted in the USA and Europe. 

In the following, the generally-accepted cash value method according to 
Equation (6.5) is to be used as a basis for the cost-benefit calculation. 


yet (6.5) 


where 


is the cash value 

is the time period under consideration 
is the annual step 

is the value in year f 

is the annual interest 


The benefit-cost rate (BCR) is thus 
BCR=K,/IC (6.6) 


a Ns 


where 
IC is the initial capital cost 


Each of the parameters in the cash value calculation can have a significant effect 
on the final value of the benefit-cost rate. For this reason the values for 7, d and 
V, must be evaluated with care to ensure the values used are realistic. The typical 
annual repayment rate is set between 9% and 11%. This amount includes an 
inflation rate. Accordingly, an annual interest of 6% to 7% should be used. The 
benefit of a measure V, is to be considered and determined specifically for each 
customer. The general investment parameters /C for system costs are subdivided 
into the following areas: 


e installation costs, 
@ operating costs, 
e@ maintenance costs. 
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There are frequently boundary zones to which certain costs should be assigned. 
However, only the final result is actually important. Therefore, how the costs are 
planned is not particularly significant provided all the costs are allowed for (and 
there is no double calculation). The following paragraphs provide information 
on how the detailed costs are shown. 


System costs This item covers all costs which are directly connected to the hard- 
ware of the countermeasures, such as batteries, installation systems, and so on. 


Costs for services This area includes many of the costs which cannot be 
assigned, such as project management, design services, planning, etc. These are 
regarded as one-off costs. 


Operating costs Key elements of the operating costs for countermeasures are, 
for example, the efficiency of the energy conversion of energy storage devices 
and the operation of auxiliary equipment (pumps, cooling units, fans, control 
units, etc.). 


Maintenance costs It is likely that routine maintenance occurs, particularly in a 
demonstration project. The annual maintenance costs are seen as a portion of 
the initial installation costs. There may also be some costs for disposal/shutdown 
(positive or negative). 


6.6 Example of an application: 
planning an active filter UPCS project 


The following guidelines for the design of the UPCS, presented in section 6.4, to 
deal with perturbations due to harmonics and also due to voltage sags or flicker 
are explained by using examples of specific cases. The basis of the design 
instructions are simulation tools, which are prepared using a simulation model 
[6]. Using the simulation parameters and simulation results, a method has been 
developed which enables the UPCS to be designed for any load constellations 
and to meet different requirements regarding voltage quality. 

An example of an application is then shown of how the use of the UPCS is to 
be dealt with as part of network planning. 


6.6.1 Designing the UPCS 


The connection point for the following examples are defined so that, as shown in 
Figure 6.27, the converter load under consideration is connected at the connect- 
ing point with the simulation model of the UPCS. The system impedance and 
the busbar voltage Us, which are given for the simulation model are thus the 
same as those with which the harmonic voltages in particular are calculated. 
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Figure 6.27 Connection of UPCS for simulation 


6.6.1.1 Design of the UPCS to compensate for harmonics 


Figure 6.28 is a flow chart which shows the functional operation of the calcu- 
lation algorithm of the design principle. 

Figure 6.29 shows a user interface adapted to this calculation algorithm and 
used for the application of the design principle. 

The algorithm shown on this interface can be divided into various successive 
sections. In the first part, the system parameters for the connecting point of the 
filter are entered. The voltage and short-circuit power of the primary system, 
the transformer output and the relative short-circuit voltages u, and u, of the 
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Figure 6.28 Flow chart for determination of UPCS-power (harmonics ) 
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Figure 6.29 Operating window of program to design UPCS (harmonics) 
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transformer are required for this purpose. The short-circuit power for the 
connecting point of the filter is calculated from this data. 

In the second part, the data of the harmonics source are entered. To do this, a 
preloading of the industrial network by the primary system can first be 
considered. 

The harmonics created in the industrial network itself are determined by a 
combination of the converters connected in the network. For seven different 
types of converter, three power classes, each with a variable number of units, are 
included. It is also possible to add converters which cannot be assigned to one of 
these types. However, to do this the relative harmonic currents of the converter 
must be known. Linear loads which generate no harmonics can also be detected, 
in order to assess the total loading of the transformer. Five different values for a 
required THD, can then be entered. The UPCS power is output relative to the 
transformer power on the one hand and in kilowatts on the other. 

The compensation characteristics of the UPCS for single-phase converter 
loads are shown in the following as an example of the simulation series on which 
the design procedure is based. Connection of these converter loads according to 
Figure 6.27 is assumed. These converter loads are connected to a low voltage 
end short-circuit power of 25 MVA. 

In this way, the range from a relatively-rigid to a weak industrial network is 
completely covered. 

The simulation series proceed with a gradual increase in the UPCS power of 
5% up to 50% of the converter design power in each case. Figure 6.30 shows the 
absolute reduction of the third harmonic as a percentage for various UPCS 
powers. In this case it must be taken into account that the amplitudes of the 
harmonics in the networks with a higher short-circuit power such as at 
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Figure 6.30 Reduction of 3rd harmonic related to power of UPCS Sypcs, power of 
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Figure 6.31 Reduction of 11th harmonic related to power of UPCS Supcs, power of 
consumer S,4 and short-circuit power S”, 
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Figure 6.32 Block diagram of UPCS-control 


S,/S", = 0.01 are generally very low and at S_4/S", = 0.05 are very high. Charac- 
teristic of the course of the absolute reduction for single-phase converter loads is 
the approximately-linear rise between the power ratios Sypcs/S,4 = 0.2 and Sypcs/ 
S,.,= 0.35. The compensation of the third harmonic can be substantially 
improved in this range by increasing the UPCS power. Further increases in the 
UPCS power lead to saturation of the reduction. 

As the recording of the reduction of the eleventh harmonic in Figure 6.31 
shows, the compensation behaviour appears different at harmonics of a higher 
order. 

The compensation effect at higher-frequency harmonics is already stronger at 
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a lower UPCS power, because a differentiating portion of the PID controller of 
the UPCS (see block diagram of the control system in Figure 6.32) intervenes 
more efficiently, because of the higher voltage change speed at high frequencies, 
and less compensation power is necessary. Because of the strong intervention of 
the D controller, the saturation range of the absolute reduction is also achieved 
substantially faster, and thus saturation occurs at a filter power of approxi- 
mately 30% of the converter rated power. Furthermore, a lower compensation 
current is needed for the compensation of higher-frequency voltage deviations 
because the system impedance increases with frequency and the higher-order 
harmonics can thus be significantly reduced even at lower filter ratings. 

Where the UPCS is used to compensate for harmonics of single-phase 
converter loads, the UPCS power required for a specific reduction of the 
harmonic amplitudes depends heavily on the amplitude of the third and fifth 
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Figure 6.33 Reduction of THDy of single-phase rectifier harmonic related to power of 
UPCS Sypcs, power of consumer S,4 and short-circuit power S”, 


0 0.1 0.2 0.3 0.4 0.5 
Supcs/Stq. 


Figure 6.34 Reduction of THDy of six-pulse converter related to power of UPCS Supcs, 
power of consumer S,, and short-circuit power S", 
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Figure 6.35 Reduction of THD, of twelve-pulse converter related to power of UPCS 
Supcs, power of consumer S,, and short-circuit power S”, 


harmonics. In order to reduce the amplitudes of these harmonic orders signifi- 
cantly, a UPCS power of approximately 30% of the converter rated power is 
necessary (see Figure 6.31), whereby the reduction in the higher order harmon- 
ics is substantially greater at this filter rating. 

The evaluations of the simulations with regard to total harmonic distortion 
THD, for the various converter loads are shown in Figures 6.33 to 6.35. The 
reduction factors of the THD, are given in relative quantities so that the abso- 
lute reduction of the THD, above the relative value and that of the original 
harmonic distortion can be determined without the active filter. The initial 
increase of the relative THD, values at low UPCS powers is due to the fact that 
at very high disturbance levels and relatively low UPCS power the limiting of the 
compensation current takes place very frequently due to the finite energy con- 
tent of the intermediate circuit. The consequence of this is, that due to the very 
incomplete compensation of the harmonics at very small UPCS powers, har- 
monics of any order can also be generated. 
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Figure 6.36 Approximation of THD, (see Figure 6.27) (S,4/S",,= 0.03) with cubic spline 
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With regard to the course of the relative THD, for the S,,/S”, ratio of 0.01 
shown in Figure 6.35, it must be added that the absolute value of THD, in the 
relatively rigid network is extremely low and thus very low fluctuations of the 
absolute value strongly influence the relative value. 

For the calculations of the UPCS power with the design guidelines, the series 
of measurements of the THD, course (shown in Figures 6.33 to 6.35) are 
approximated with the aid of cubic spline functions. This enables a very exact 
simulation of the curve trace from the data of the series of measurements 
determined according to the simulations and the calculated additional sup- 
port points of the functions. The approximation of the THD, course for the 
S,,/S", = 0.03 power ratio recorded in Figure 6.34 is shown in Figure 6.36. 


6.6.1.2 Design of the UPCS with regard to voltage sags and flicker 


In the following, a procedure for designing the UPCS with respect to voltage 
sags and flicker is presented, similar to the procedure given in 6.6.1.1, and is 
explained using examples. Figure 6.37 is a flow chart of the algorithm on which 
the design guidelines are based. 

The relative voltage changes due to the load are first determined as a percent- 
age using the system and load data. The A, flicker disturbance factor is 
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Figure 6.37 Flow chart of program for the design of UPCS (voltage sags and flicker ) 
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Figure 6.38 Operating window of program to design UPCS (voltage sag and flicker ) 
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determined from the specification of the repetition rates and form factor of 
the voltage changes (see also Chapter 3). The courses of the reduction factors 
of the A, values for various filter ratings relative to the short-circuit power 
are approximated using polynomials. To make the approximation polynomials 
as accurate as possible, additional support points, as already explained in 
section 6.6.1.1, are formed for the approximation with the aid of the spline 
function. 

The instantaneous A, actual value is compared with an A,, desired value. 
Provided the A, actual value is above the desired value, the filter rating is grad- 
ually increased up to a maximum of 5% of the short-circuit power and the new 
A, value is determined by means of the approximation polynomials. The algo- 
rithm of the guideline for design of the UPCS for voltage sags and flicker thus 
enables the UPCS power to be determined from the system data, load data and 
the voltage quality requirements. 

This procedure also forms the basis of the program interface, shown in Figure 
6.38, for designing the filter rating on the basis of the algorithm shown in 
Figure 6.37. 

The investigations, which are further detailed, are used with the aid of the 
simulation model to show the application of the procedure illustrated in Figures 
6.37 and 6.38. The simulation series is based on the network data of an indus- 
trial network with a 400 kVA transformer with a relative short-circuit voltage of 
u,=4% and a short-circuit power at the low voltage end of 6 MVA. At the 
various simulations, square-wave supply voltage sags (form factor equal to 1) of 
various depths were input to the model. The depth of the voltage sags was varied 
between 0.5% and 4% of the phase-to-earth voltage, which corresponds to load 
steps of approximately 50 kVA up to 400 kVA. Furthermore, the simulation was 
carried out for each individual voltage sag depth of the supply system voltage 
with UPCS powers of 0% up to a 100% of the transformer output. The step size 
of the UPCS power increase was 12.5% of the transformer output or 50 kW. 

For the evaluation of the simulation results with regard to flicker factor, the 
change in the form factor of the sag must also be taken into account in addition 
to the reduction in the voltage sag. Figure 6.39 shows the courses of the voltage 
r.m.s. values for different UPCS powers and also gives a simulated voltage 
change with a depth of 4%. 

The non-linear reduction in the depth of the voltage sag with increasing filter 
power can be clearly seen. Whereas at filter powers of 50 kW up to 200 kW a 
significant reduction in the depth of the sag can be achieved, the reduction in the 
voltage sag begins to change to saturation at high filter power. The reason for 
this is that with increasing stabilisation of the voltage sag the voltage deviation 
as a correction variable of the controller is also reduced. The proportional part 
of the voltage controller is therefore no longer as effective. 

A further series of simulations (see Figure 6.40) shows the saturation effect more 
clearly. In this simulation series, a voltage sag with a depth of 1% was stipulated. 
With a filter power of 50 kW, corresponding to approximately 12.5% of the 
transformer output, the depth of the sag can already be reduced by at least a 
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Figure 6.39 Time course of RMS values of voltage in case of voltage sag of 4% with and 
without application of UPCS (different rating ) 
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Figure 6.40 Time course of RMS values of voltage in case of voltage sag of 1% with and 
without application of UPCS (different rating ) 


half. Doubling the filter rating to 100 kW reduces the voltage sag to only one 
third of the original depth. 

The given rating of the filter and the compensation effect are very heavily 
dependent on the depth of the relative voltage changes. The greater the disturb- 
ance, the higher the compensation power. This means that, at low short-circuit 
powers, not only is the action of the compensation current more effective but 
also a higher output is provided by the filter because of the reducing short- 
circuit power with increasing magnitude of the disturbances. 

Figure 6.41 shows the course of the instantaneous flicker factor P; over a 
time window of three seconds. The voltage r.m.s. value course on which this 
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Figure 6.41 Time course of flicker-factor P, for voltage sag 4% with and without 
application of UPCS (different rating — see Figure 6.39) 


evaluation is based at the beginning contains the voltage changes recorded in 
Figure 6.39 where d= 4%, whereas the constant voltage values were used for the 
remainder of the time. In this case, it is only the evaluation of the flicker disturb- 
ance factor of a single voltage change during the time frame of three seconds 
under consideration. Without the filter the relative voltage change d is approxi- 
mately 4%. The slow decay of the disturbance factor down to zero takes place 
during the flicker after-effect, which has the effect of a summation of the dis- 
turbance factor where voltage changes follow in close succession. 

The maximum value of the instantaneous disturbance factor can be assumed 
to be flicker-determining as an initial approximation [4]. For this reason, the 
reduction of flicker using the active filter with the instantaneous flicker disturb- 
ance factors is evaluated. A strong reduction in the flicker effect can be seen with 
increasing filter power up to approximately 100 kW. Above this power, the 
course of the flicker disturbance factor increasingly approaches a minimum. 
With a filter rating of 100 kW, which in this example is about 25% of the 
transformer output, the flicker disturbance factor P;, which completely without 
a filter is at approximately 3.7 distinctly above the perceptibility threshold, can 
be reduced to a value of approximately 1. 

In Figure 6.42 the evaluation of the instantaneous flicker disturbance factor 
P, is similarly shown for the voltage r.m.s. value courses, illustrated in Figure 
6.40, with a maximum relative voltage change of 1%. As is expected, the dis- 
turbance factor without the filter is clearly lower than for the evaluation for the 
relative voltage change of d=4% shown in Figure 6.41. The slightly stepped 
curve traces result from the calculation inaccuracy of the evaluation sequence at 
very low disturbance factors. From a filter rating of 100 kW, or corresponding to 
25% of the transformer output, no further substantial improvement in the 
flicker disturbance factor can be achieved, because the voltage deviation is still 
very low compared to the set value generated by the filter. 
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Figure 6.42 Time course of flicker-factor P, for voltage sag 1% with and without 
application of UPCS (different rating from Figure 6.40) 
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Figure 6.43 Reduction of annoyance factor A,, for different voltage sags and different 
ratios of UPCS-load Sypcs to load change AS, 


Reduction factors for the flicker disturbance factor A, are determined on the 
basis of the evaluations of the instantaneous flicker disturbance factors. Figure 
6.43 shows these reduction factors relative to the flicker disturbance factor A, 
which was achieved by using a filter of different ratings. These are shown 
depending on the percentage filter power, relative to the load change AS,, and 
the relative voltage change d which results from the ratio of load change AS, to 
short-circuit power S”,. In this case, AS, refers only to load fluctuations and not 
to the connected load. At a relative voltage change of 0.5%, a saturation of the 
reduction factor at approximately 50 can be seen at approximately 3.3-times 
filter power relative to AS,. In this case, the voltage deviation is already so slight 
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that the filter can no longer correct it. It is different at a relative voltage sag of 
3% where no saturation is detectable. The reduction factor increases approxi- 
mately linearly up to 13.3-times the filter power relative to AS,. The increase in 
the reduction factor with an increasing relative voltage change is due to the 
reactivity of the PID controller, whose action becomes stronger the more the 
voltage deviates from the set voltage. 

In weak networks with a low short-circuit power in which the relative voltage 
changes are correspondingly greater, correspondingly-higher reduction factors 
can be achieved with increasing filter power than in rigid networks in which the 
relative voltage change is lower and where saturation point is reached more 
quickly with increasing filter power. 

The compensation properties of the UPCS with regard to voltage sags and 
flicker are thus determined by the depth and shape of the relative voltage sags 
and short-circuit or transformer output of the industrial connection. The A, 
flicker values can be determined from the A,, values in that the frequencies of the 
voltage changes in a 10-minute interval are extrapolated to a time period of two 
hours. 

To determine the effect of the form factor on the reduction factors of the A, 
values, a ramp-function voltage r.m.s. value is considered in the following and 
the reduction factors are compared with those of a square-wave voltage charac- 
teristic. The system data on which the simulation is based remains unchanged. 
The maximum relative voltage change without the filter is approximately 1.5%. 
Figure 6.44 shows the time characteristic of the voltage r.m.s. values for various 
filter powers. While the voltage over about 220 ms drops slowly in the form of a 
ramp, it again increases steeply to rated voltage level in a little over 30 ms. 

Figure 6.45 shows the reduction factors of the A, values for the ramp-shaped 
voltage course from Figure 6.44 at various filter powers relative to the short- 
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Figure 6.44 Time course of RMS value of voltage in case of ramp-function of voltage, 
with and without application of UPCS 
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Figure 6.45 Reduction of annoyance factor A,, for ramp-function of voltage and different 
ratios of UPCS-load Sypcs to short-circuit power S", 


circuit power. Compared with the values for the square wave voltage-change 
course, it can be seen that these almost exactly coincide so that the compensa- 
tion properties of the filter in the first place depend on the absolute amount of 
the relative voltage change d. 


6.6.2 Example of network planning, taking account of active system filters 


Because the system perturbations of large industrial consumers are no longer 
avoidable, and the voltage quality must be adequate to guarantee sensitive 
industrial processes, it is necessary to formulate measures here which must be 
checked with regard to their technical and economic feasibility [4]. 

The possibility of using active filters to optimise the system connection plan- 
ning is examined in the following using a large industrial consumer as a realistic 
example. To do this, the inclusion of an active filter in the system connection 
planning of a steel works with an 85 MVA d.c. arc furnace is examined. A 
measurement of the daily load variation of such an arc furnace is recorded in 
Figure 6.46. The strongly-pulsating power course is due to the statistical forma- 
tion of the arc. The load impedance fluctuates almost infinitely during idling to 
near zero in short-circuit. 

The problems which arise with regard to the power supply for the arc furnace 
can be summarised (according to [4]) as follows. Because the random, heavily- 
varying nature of the load current, voltage changes are caused at the system 
impedance, which, as shown in Figure 6.47, can be broken down into a longi- 
tudinal and transverse voltage drop. Furthermore, d.c. arc furnaces cause har- 
monics due to the large rectifier stations, which are not dealt with further here, 
because experience has shown that the periodic voltage changes are designed for 
the system connection. 

Because the inductive component of the system impedance Xy is at least 10 
times greater in high voltage systems that the ohmic component Ry, amplitude 
changes are mainly caused by changes in the reactive power. All other loads 
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Figure 6.46 Daily load variation of an arc furnace 
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Figure 6.47 Connection of an arc furnace and vector diagram of current and voltages 


connected at this connection point of the arc furnace are influenced by these 
voltage changes. Furthermore, the voltage profiles in adjacent network nodes 
also change, but are not shown in Figure 6.47. 

The following investigation is designed to show that by compensating for the 
system perturbation effects of an arc furnace by using an active system filter it is 
possible to convert the system connection from a 220 kV busbar to a 110 kV 
busbar with a lower short-circuit power, and that it is possible to connect other 
loads. For this purpose, two different connection variants for large industrial 
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customers are considered. The load flow analysis and failure simulations with 
the various connection variants are used to check the technical feasibility with 
regard to equipment loading, and the voltage profile is also checked. With the 
compensation properties of the active filter UPCS with regard to flicker, ana- 
lysed in section 6.6, the required filter power necessary to reduce the flicker 
sufficiently at the 110 kV connection to preclude the occurrence of impermis- 
sible levels in the public supply system is determined. For this, it is assumed that 
the filter retains the compensation properties at very large filter powers and 
short-circuit powers, which is still to be investigated after the development of a 
method of connecting the UPCS in high voltage systems. Furthermore, load 
flow analyses are performed with the different connection variants, by means of 
which the technical feasibility of the individual variants is checked. The aim 
of these load flow analyses is to check the voltage profiles of the network nodes 
and the loading of the individual equipment where there are changes in the 
system configurations. A further investigation will be carried out to show the 
effect of the various variants on the (n—1) supply integrity. The load flow 
analyses and the failure simulations are performed using a network calculation 
program [4]. 


6.6.2.1 System connection variants of a large industrial customer 


By way of example, two different variants of the system connection of a large 
industrial customer are shown. In variant A the customer is connected via a 
separate 200 MVA transformer to a 220 kV busbar. In variant B the customer is 
supplied from the 110 kV system from which the public supply system is also 
fed. 


Connection variant A The system connection of the large industrial customer is 
shown in Figure 6.48. The customer in this case is a steel works which makes 
steel using a d.c. arc furnace. To avoid impermissible perturbations of this arc 
furnace acting on the works power supply and the public supply system, this 
furnace is supplied via a separate 220/110 kV transformer. This transformer, 
with an output of 200 MVA, is solely responsible for supplying the arc furnace, 
which emits strong disturbance and has an output of 85 MVA. The arc furnace 
is thus operated decoupled from the rest of the network. The short-circuit power 
at the 220 kV busbar is 8.7 GVA. The public supply system and the remaining 
works supply of the steel works are connected through two further 200 MVA 
transformers. The short-circuit power in both separate 110 kV busbars amounts 
to approximately 4.5 GVA for the public supply system and 1.2 GVA for the 
industrial supply. In the industrial network of the customer, the supply for the 
d.c. arc furnace is transformed, after an overhead line transmission of approxi- 
mately 9 km, to medium voltage by means of four 40 MVA transformers. The 
short-circuit power at the 30 kV busbar amounts to approximately 0.45 GVA. 
Because the 220 kV network as a transmission network (see Figure 6.48, 
location VP) is used in only exceptional cases to supply customers, the measured 
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Figure 6.48 Connection of an arc furnace by separate 220/110 kV transformer 
(alternative A) 


Table 6.2. Maximum values of the flicker disturbance factors for connection of 
the arc furnace in accordance with variant A 


Flicker disturbance factors without an active filter Ay At Permissible? 


220 kV connection (VP), S*,=8.7 GVA 1.2 0.33 Yes 
110 kV public supply system, S”.= 4.5 GVA <08 <03 Yes 


flicker factors shown in Table 6.2, which are above the perceptibility limit, cause 
no inconvenience. The flicker factor, which in this case occurs at the adjacent 
110 kV busbar for the public supply, is at 4,,< 0.8 or A; < 0.3. Experience shows 
that this level also causes no problems in the public supply. 


Connection variant B For the variant shown in Figure 6.49, the d.c. arc furnace 
is supplied from the 110 kV network. The 110 kV busbars for the public supply 
system and the industrial supply of the arc furnace are combined into one 
busbar (see Figure 6.49, location VP) with this variant. In contrast to variant 
A, this 110 kV busbar is supplied through two 300 MVA transformers from the 
220 kV network. The short-circuit power at the 110 kV busbar is then 5.6 GVA. 
After the overhead line, the short-circuit power at the 110 kV transfer point 
reduces to 2.1 GVA. At the 30 kV busbar of the customer, a short-circuit power 
of 0.8 GVA is finally reached. 

Table 6.3 shows the flicker disturbance levels of this system connection variant 
caused by the arc furnace. The essential facts about these disturbance factors is 
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Figure 6.49 Connection of an arc furnace by separate 110 kV substation or busbar 
(alternative B) 


Table 6.3 Maximum values of the flicker disturbance factors for connection of 
the arc furnace in accordance with variant B 


Flicker disturbance factors without filter Ast At Permissible? 


110 kV busbar (VP) S”.=5.6 GVA 4.50 1.24 No 
110 kV transfer point, S’,=2.1 GVA 85.32 23.46 No 


30 kV busbar of the customer, S”,=0.8 GVA 1,543.40 424.40 No 


that the values at the 110 kV busbar with the public supply system are clearly too 
high and experience shows that this leads to complaints about flicker. To achieve 
this system connection variant for industrial operation, countermeasures are 
necessary with regard to disturbance due to flicker. 

To show the possibilities of achieving both variants from a network planning 
point of view, load flow analyses and failure simulations are first performed. 
After this, the use of active filters to reduce the disturbing flicker in connection 
variant B is considered. 


Load flow analyses of various system connection variants In the following, the 
extent to which the A and B system connection variants satisfy the requirements 
of network planning with regard to the load flow distribution and the (”— 1) 
criterion is investigated. Analyses of the load flow as well as simulations of the 
outage of individual equipment are made for the different system connection 
variants from section 6.6.2.1. The aim of these calculations is to determine the 
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Figure 6.50 General overview and selected detail of power system topology for load-flow 
analysis (for details see text) 


voltages in all network nodes and the power flows through all connecting 
elements between the nodes. From this, the values for the loading of the indi- 
vidual equipment is obtained and the compliance of the limits of the permissible 
voltage bands. 

The calculations are made with the 110 kV network groups and primary 220/ 
380 kV networks, shown in Figure 6.50, by using a network calculation program. 
The basic data of the loading and the feeds into the individual network nodes 
are stipulated for a heavy load scenario during winter. To represent the load flow 
results, a network section is chosen which includes the connection variants of 
the industrial customer with network areas from the 220/380 kV network and 
from a 110 kV network group. This limitation is permissible because the changes 
in the load flow results at a larger electrical distance remain within very narrow 
limits. 

Figure 6.51 shows the result of the load flow analysis of system connection 
variant A according to Figure 6.48. The power flows at the connecting elements 
are given in active and reactive power amounts in MW or Mvar. The node 
voltage amounts at the network nodes are shown in kV. As the calculation has 
shown, there is no equipment overload or violation of the maximum permissible 
voltage band of U,+ 10% with this system connection variant. The simulation 
for verification of the (n—1) criterion produced no critical loading of any 
equipment of more than 90% of the rated power. From the point of view of 
network planning, this connection variant can be achieved without reservation 
according the (7 — 1) criterion and the load flow. 

Figure 6.52 shows the results of the load flow analysis for planning variant B. 
With this variant too no complications arise with regard to violation of the 
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Figure 6.51 Results of load-flow analysis (alternative A as in Figure 6.48) for peak load 


figure below ‘location’: Voltage inkV 
first figure at line: Active power in MW 
second figure at line: Reactive power in Mvar 


Table 6.4 Reduction factors required for the flicker disturbance factors when 
considering the various locations of the filter according to Figure 6.53 


Flicker disturbance factors Ast actual Ast Required 
at location (without filter) (with filter) reduction 
factor 
Location 1, S”,=5.6 GVA 4.50 <0.8 Approx. 6 
Location 2, S’,= 2.1 GVA 85.32 < 15.2 Approx. 6 


Location 3, S”, = 0.8 GVA 1,543.40 < 274.40 Approx. 6 
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Figure 6.52 Results of load-flow analysis (alternative B as in Figure 6.49) for peak load. 


For explanation see Figure 6.51 


maximum permissible voltage deviations or an excessively increased equipment 
loading. 

Figure 6.53 shows the result of the failure calculation to check the (n — 1) cri- 
terion. If a case occurs where one of the two 300 MVA transformers between 
nodes | and 2 (which feed the 110 kV network from the 220 kV network) fails, 
an equipment loading of approximately 97% occurs at the 200 MVA trans- 
former between nodes 12 and 13. At this loading, a particular monitoring of the 
transformer in such a scenario is recommended. This system connection variant 
of the industrial customer can therefore be achieved without problems from the 
point of view of the load flow and the (7 — 1) criterion. 
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Figure 6.53 Results of load-flow analysis (alternative B as in Figure 6.49) for peak load 
Outage of one 300-M VA-transformer between ‘Knoten 1’ and ‘Knoten 2’ 
For explanation see Figure 6.51 


Active filters in the system connection planning After the fundamental consider- 
ation of the system connection variants with regard to the load flow analyses, 
the remedial measures necessary for the reduction of the flicker disturbance 
effect in connection variant B is checked. 

In order to do this, three possible ways of using an active filter are more 
closely considered. The filter can be connected, as shown in Figure 6.54, directly 
to the 110 kV busbar of the public supply (location 1, S”,=5.6 GVA) or it can 
be connected to the 110 kV customer connection (location 2, S”,=2.1 GVA) 
after the 9 km long overhead line, or connected to the 30 kV level within the 
industrial network (location 3, S”, = 0.8 GVA). 
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Figure 6.54 Connection of an arc furnace (alternative B as in Figure 6.49), application of 
active filter at different locations 


The disturbance factor at the 110 kV busbar for the public supply where 
Ag = 4.5 is clearly too high, so that with this connection variant measures must 
be taken to reduce the flicker level. To avoid complaints about flicker, the dis- 
turbance factors at connection point VP should be reduced to the level of 
Ay < 0.8 or Ay, < 0.3. 

This results in three different filter powers, because the short-circuit powers in 
the connection points of the filter (and thus also the level of the relative voltage 
changes effective at that point which must be considered for the design of the 
filter) are different in the various locations. 

Because the operating behaviour of the arc furnace is independent of the 
voltage level at the customer connection, the only difference, with regard to the 
calculation of the flicker disturbance factor between the 220 kV, the 110 kV and 
the 30 kV connection, is in the level of the relative voltage changes d caused by 
the load fluctuations, which are included cubically in the calculation of the 
flicker disturbance factor. The relative voltage change, and thus also the flicker 
disturbance factor, in the 110 kV and 30 kV voltage levels can be assessed using 
Equations (6.7) and (6.8). 


Vr 
k 220kV 
dio kv = dro (= (6.7) 
k110 kv 
" ° 6.8 
k220kV 
Ay roxy = Ast 220 w(S oe 
k 110 kv 


The A,, values are calculated in the same way. 
The short-circuit power at the 110 kV busbar is determined by a short-circuit 
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Table 6.5 Absolute and relative filter powers for various locations 


Location of filter Siiter/[MVA] Sritter/ ASp Shite! Sx 


Location 1, S”%,= 5.6 GVA 20 0.66 0.0035 
Location 2, S”, = 2.1 GVA 8 0.26 0.0041 
Location 3, S”,=0.8 GVA 6 0.20 0.0084 


current calculation because of the multiple feeding into the 110 kV voltage 
level. With the flicker disturbance factor at the end of the 110 kV customer 
connection, which initially appears too high, with a short-circuit power of 2.1 
GVA, it must be taken into account that this is not the point of common 
coupling and therefore the A,, disturbance factor must not be reduced to 0.8. 
The reduction must be chosen so that the level does not exceed 0.8 at the 
connection point with the public 110 kV network. That would be quickly 
reached if the A,, value at the end of the 110 kV customer connection was 15.2. 
By analogy with the previous statements on flicker level, the A, values at the 
30 kV busbar may reach about 275 without having a disturbing effect on the 
public 110 kV supply. 

To reduce the flicker disturbance factor A,, to an acceptable level at the 110 kV 
busbar, from which the public network is also fed, a reduction factor for the 
flicker level of about 6 is required at the three locations. The deciding factor for 
determining the relative voltage change d is the load deviation which, according 
to Figure 6.39 can, on the one hand, be assumed with a 100% furnace output 
and a repetition rate of approximately 2 in 10 minutes or, on the other hand, 
with 20% of furnace output and a repetition rate of 700 in 10 minutes. The 
frequently-occurring smaller load fluctuations, which for the arc furnace con- 
sidered here are between 10 MVA and 30 MVA, are usually far more critical with 
regard to flicker. The filter rating using the design guidelines developed in sec- 
tion 6.6 results in the UPCS powers shown in Table 6.5 for the different 
locations. 

From this table it can be seen that the filter power must be greater with an 
increase in the electrical distance from the cause of the disturbance, because of 
the increasing short-circuit power. The compensation power supplied by the 
filter, which depends on the depth of the relative voltage change and thus on the 
AS,/S", ratio, increases with an increase in the control deviation which is deter- 
mined by this voltage change d. 


6.6.2.2 Optimisation of the location of active filters 


The effectiveness of an active network filter is largely determined by the loca- 
tion. The compensation properties of the UPCS depend, for example, on the 
magnitude of the disturbance level which occurs, and on the short-circuit power 
at the connection point of the filter. Therefore the filter should be fitted as close 
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as possible to the disturbing operation or disturbing system. In cases where there 
are just a few minor complaints about disturbances such as flicker or harmonics, 
it is possible to consider a decentralised compensation compared with a central 
compensation at the point of disturbance. If the total filter power required for 
decentralised compensation is lower, the advantages and disadvantages of the 
possibilities must be weighed against the background of future load and net- 
work developments. In this respect, active filters offer the great advantage of 
mobility, so that changes in the operating location itself do not limit the applica- 
tion possibilities of the filter. 


6.6.3 Assessment of active network filters from the point of view of network 
planning 


For large industrial customers, the power supply represents an important com- 
petitive and location factor for a claim on the market. The demands placed by 
some industrial customers on the energy supplier is likely to increase, in the 
future, due to competition. To meet these changed demands, it is the task of 
power supply companies to carry out a requirement analysis with the customer 
and work out an appropriately-tailored service which is then also reflected in the 
price structure. 

The local reduction of the system perturbations of an industrial operation by 
the use of active network filters can also be part of such a service. By using 
active filters in the network planning, the number of possible planning variants, 
and thus the flexibility, can be increased. These variants then differ with regard 
to costs, the possible realisation time period and the resulting power quality for 
the customer, so that with regard to these criteria a customer-specific optimum 
solution can be found. The failure costs and failure secondary costs due to an 
unmatched power quality which, for example, could be reduced by an active 
filter, are of particular consideration here. The advantages of making the system 
connection of a customer flexible in this way can be used particularly to satisfy 
the customer needs. This can lead to cost savings for both the customer and 
power supply company and competitive advantages for both sides. A further 
advantage which the active network filter brings to network planning is in the 
supply of extremely voltage-sensitive loads. These can be brought into use in the 
course of modernisation, with a voltage quality locally matched to the require- 
ments, so that expensive network expansion and conversion planning can be 
avoided. 
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Chapter 7 
Notes on practical procedures 


7.1 Survey of voltage quality 
(harmonics) in medium voltage networks 


Task For medium and low voltage networks of public and industrial electrical 
supply systems a survey of existing voltage harmonics and also, under certain 
circumstances, their change over a period of a year or development over several 
years is of interest. The following procedure is recommended: 


Procurement of network data 

Analysis of network plan 

— Voltage level, cables and overhead lines, supply voltage levels. 
— Network data, short-circuit power. 


Analysis of consumer structure according to voltage levels 

— Low voltage network 
Residential areas, rural areas, trade areas such as offices, business houses 
and department stores in town centres, special consumers. 

— Medium voltage network 
Municipal supply or rural supply with, and without, industrial or trade 
loads, industrial supply, feeds for converters for traction supply, any self- 
generating systems (wind energy or photovoltaic). 


Aspects of measurement 

Specification of a measuring program 

— Time duration one week (weekdays and weekends). 

— Annual course, summer and winter measurements, low load and peak load 
season. 


Measurement of voltage harmonics 
— Measurement of current harmonics where there are large harmonics gener- 
ators or consumer groups. 
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Repetition of measurements and evaluations 
— Equal or similar load conditions for measurements over various years. 
— Measurements at different seasons of the year. 


Evaluation and assessment 

— Evaluation of measurements with comparison of different loads, days of the 
week etc. 

— Comparison of workdays and weekends. 

— Action required if the compatibility levels are exceeded. 


Example Some measurements are given in the following by way of example. The 
measurement results are not shown standardised, because different systems were 
used for the measurements. 

The results of further systematic measurements are given in [1]. 

The pronounced characteristic of the fifth voltage harmonic due to the 
increased utilisation of consumer electronic equipment (television sets) in the 
evenings and at weekends can be seen in Figure 7.1. The total increase in voltage 
levels at the weekend is also due to the reduced network load and the associated 
lower attenuation. 

Figure 7.2 shows the steep rise in the fifth voltage harmonic in a developing area 
over a period of five years, caused by the increase in domestic loads due to 
consumer electronic equipment. 

Figure 7.3 shows the course of the harmonic voltages of the Sth order (Figure 
7.3a) and 13th order (Figure 7.3b) for a 30 kV industrial network with a pre- 
dominant load through twelve-pulse converters. It can be seen that the course of 
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Figure 7.1 Time course of 5th harmonic of voltage in a 10 kV system during one week in 
July, urban ared, Pg. = 8.7 MW 
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Figure 7.2. Time course of 5th harmonic of voltage ina 10 kV system during one working 
day in September for various years; urban area with small industrial consumers 
1990: Pinay = 4 MW; 1992: Py. = 7.1 MW; 1994: P= 16 MW 
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the 5th harmonic is caused only slightly by the converter systems, but instead is 
predominantly due to the medium voltage networks connected to the primary 
110 kV network. The course of the 13th harmonic voltage, on the other hand, is 
determined by the converters. It can also be seen from the course of the har- 
monic voltage that with the supply current remaining almost equal to the har- 
monic voltage on Friday it is substantially lower than on the previous days. This 
is clearly due to the change in the network configuration, which causes a net- 
work resonance which was previously present to be shifted, or the network 
impedance to be reduced. 

Figure 7.4 shows the course of the fundamental component active power and 
also the harmonic voltages of the orders 5, 7, 11 and 13 in a public supply 
system with a connected industrial operation whose main load is represented by 
a twelve-pulse converter where P=4.1 MW [2] (the network arrangement is 
shown in Figure 7.5). In this case the slight influence of the non-characteristic 
harmonics (4=5, 7) and also the dominating influence of the characterising 
harmonics (4 = 11, 13) can be clearly seen. 


7.2 Connection of harmonics generators, high-load consumers 


Task The connection of high-load, harmonics-generating consumers, such as 
converter motors, battery storage systems and converters for industrial heating 
equipment cannot be assessed from the emitted interference. Instead it is neces- 
sary to perform network analyses, network measurements and, if necessary, 
calculations to check the permissible operation of systems. The basic procedure 
shown in the following is further explained by using a medium-frequency induc- 
tion furnace as an example. 
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Figure 7.3. a) Time course of 5th harmonic of voltage and current in a 30 kV system. 
Measuring period 10 a.m. Wednesday until 10 a.m. Tuesday 
b) Time course of 13th harmonic of voltage and current in a 30 kV system 
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Figure 7.4 Time course of selected voltage harmonics and basic frequency of active power 
ina 10 kV system with rectifier load P = 4.1 MW, measured for one week 
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Figure 7.5 Power system diagram for the connection of a medium frequency converter for 
inductive melting 


The connection of a medium-frequency converter (S,= 4.84 MVA; twelve- 
pulse) to a municipal 10 kV network in accordance with Figure 7.5 is examined. 
The 10 kV switching system in the 110/10 kV substation is to be regarded as the 
point of common coupling (PCC), because it is only at that point that other 
consumers are supplied from the public system. The supplied 10 kV network is 
operated as a radial network. Significant changes to the switching state are not 
possible, in particular a further supply of the 10 kV network from a different 
110/10 kV substation is not possible. 


Network data The network data in Figure 7.5 is necessary for the assessment of 
the connection of the converter. 
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According to the manufacturer’s data, the harmonic currents of the converter 
during rated operation are as follows: 


I, = 5.03 A; I, =3.19 A; I, = 13.92 A; 113 = 8.61 A; 
Ty, = 0.34 A Tyg = 0.31 As Ig, = 2.43 A; Ths = 2.46 A. 


Aspects of measurement The load profile of the industrial operation was recorded 
over one week to establish a suitable assessment time frame. Figures 7.6 and 7.7 
show a periodicity of a daily and weekly operating pattern from the time-course 
of the harmonic voltages at the PCC, using the eleventh voltage harmonic, 
together with the time-course of the fundamental component active power, as 
an example. This is clearly a two-shift operation. 

The harmonic voltages and currents were measured under defined operating 
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Figure 7.6 Time course of measured parameters during one day; operating conditions c) 
as in Figure 7.8 
a) basic frequency of active power 
b) voltage harmonic of order 11 
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Figure 7.7 Time course of measured parameters for one week; operating condition c) as in 
Figure 7.8 
a) voltage harmonic of order 11 
b) basic frequency of active power of one phase 


conditions. This showed that the current harmonics occurring at the rated out- 
put of the converter sometimes substantially exceeded the manufacturer’s data. 
Measurements were also performed with the converter output limited to 80% or 
73% of the rated output, which clearly reduced the harmonic currents. All the 
results are summarised in Figure 7.8. 


Assessment of measurements The harmonic distortion factors were calculated to 
assess the permissibility of the connection. The system level factor and system 
connection factor variables were stipulated as kyyy=0.4 and k,=0.16. The 
harmonic distortion factors for the different operating conditions are shown in 
Table 7.1. 

The high harmonic disturbance factor for the 11" and 13" harmonic are due to 
the resonant frequency of the network. At the given values, the main resonance 
of the network at the point of common coupling is calculated as f,., = 514 Hz, 
i.e. it is close to the 11" harmonic. 


Summary and conclusion On the basis of the harmonic disturbance factors B, 
according to Table 7.1, the assessment shows that unrestricted operation of the 
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Figure 7.8 95% probability of significant harmonics for different operating conditions 
a) rated power according to manufacturer (rn = rated nominal) 
b) rated power as per installation (4.84 MVA, 4.1 MW) 
c) maximal loading of induction furnace 
d) 80% of rated power as per installation 
e) 73% of rated power as per installation 


Table 7.1 Harmonic disturbance factors B, (95% frequency ) of the converter, 
with operating conditions according to Figure 7.8 


Operating condition a) b) Cc) d) e) 


Harmonic order 

5 0.03 0.008 0.009 0.001 0.002 

7 0.031 0.009 0.014 0.002 0.003 
11 0.36 0.365 0.462 0.432 0.302 
13 0.417 0.448 0.668 0.576 0.395 
17 0.09 0.344 0.419 0.097 0.142 
19 0.052 0.166 0.242 0.119 0.076 
23 0.127 0.122 0.395 0.151 0.125 
25 0.097 0.104 0.276 0.129 0.071 


system is not permissible because the maximum harmonic disturbance factor 
(B,;) under all operating conditions or converter settings is above the load- 
proportional permissible value (B, > k, X kAymy). Where the converter output is 
limited to 73% of the rated output, the maximum harmonic disturbance factor 
is, however, below the value permissible for the network level (B, > kymy). 
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Figure 7.9 Statistical parameters for utilisation of compatibility level (harmonic voltage) 
at PCC; operating condition c) as in Figure 7.8 
Measuring period 6 a.m. Monday until 7 p.m. Friday 


Operation of the plant can thus be approved, provided no further significant 
harmonics generators are connected at the same system connection point 
(PCC), or these do not completely take up the harmonics level assigned to them. 
This applies in the present case. It can be concluded from the assessment that the 
limitation of the converter output to 73% of the rated output was integrated 
into the control concept. In this special case, there was no significant effect on 
the operating process, 1.e. it was not necessary to extend the smelting or pouring 
time of a batch despite the output limitation. 

Figure 7.9 shows the statistical parameters of the voltage harmonics of orders 
2 to 25 for operation of the converter, limited to 0.73 x P, over the Monday to 
Friday measuring period. 


7.3 Determining the reference values for planning calculations in a 
ring-cable network 


7.3.1 Measurements in 35 kV ring-cable network 


Task In an extended cable network it was necessary to examine whether the 
relocation of a capacitor bank, which was required to maintain the voltage, 
could also be carried out with regard to aspects of voltage quality without 
causing impermissible harmonic voltages in the affected network. The 
measurements were used to determine the harmonic levels in the network. 


Data procurement Using the network plans, the measuring points were located 
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so that various network groups could be measured. The measuring channels 
already available were also used to measure the supply behaviour of the main 
converters with regard to harmonic currents. An overview of the network, 
showing the relevant measuring points, is given in Figure 7.10 [3]. 


Measurement results/assessment The essential results of the measurements of the 
harmonics are summarised in the values for the total harmonic distortion 
(THD). These values are registered at the corresponding measuring points in 
Figure 7.10. The harmonic voltages and currents were measured. The measured 
values were stored in the form of values averaged over one minute. Figure 7.11 
shows an example of the time course of the THD at a chosen measuring point. 
The industrial network did not have a regular load curve at any measuring point. 
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Figure 7.10 Single-line diagram of medium voltage system 
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Figure 7.11 Total Harmonic Distortion (THD) measured for one week 


Summary/conclusion From the measured values obtained, time slots were taken 
in the heavy-, medium- and weak-load cases. The heavy-load case was used to 
assess the voltage stability. The weak-load case, on the other hand, was used to 
analyse the harmonics in conjunction with the capacitor bank, because the 
highest harmonic voltage levels occur in the weak-load case due to the low 
system damping. Variant calculations were used to determine that the capacitor 
bank could not be relocated without changing the capacity. The calculations 
enabled a tuning of the capacitor bank which ensured that there would be no 
excessively-high harmonic levels under any load situations. 


7.4 Disturbance investigation 


7.4.1 Disturbance analysis harmonics in power station service network I 


Task The case dealt with here concerns the station service network of a con- 
ventional power station with an output of 520 MW. It was observed over a long 
period that defects and disturbances increasingly occurred in various areas of 
the power station on parts of computer networks, copiers and measuring 
instruments. 
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Figure 7.12 Single-line diagram of low voltage system in a power station 
Data procurement Figure 7.12 shows the system diagram and the technical data. 


Aspects of measurement To examine the effects, a long-term measurement of the 
harmonics and flicker levels was performed, supplemented by measurements of 
the time signal. Readings were taken simultaneously at measuring points at the 
10 kV, 400 V and 690 V levels. As short test sequences during these long-term 
measurements, particular components and system parts of the power station 
service were briefly (less than two minutes) switched off and on again. These 
switching measures enable the effect of certain parts of the system and 
components to be individually assessed. 


Measurement resultslassessment The problem in this case can be explained by 
a single illustration as a documentation of the measurement results. The 
measurement results of a test sequence are summarised in Figure 7.13. 

This illustration shows the harmonics mean values for the investigated orders 
in the 5th to 47th order range. The total harmonic distortion is also recorded in 
this illustration. It can be seen that in normal mode (normal, uncoupled block 
mode) that the THD of the voltage is 8%. The illustration also shows that the 
harmonic levels rise significantly towards the higher orders (see 35th and 47th 
order). When the equipment ‘portal building’ (intake valve of the power station) 
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Figure 7.13 Measuring results of the test sequence on the 400 V voltage level for different 
operating conditions: PB — Portal Building, CA — Coal Addition, CR — 
Current Rectifier 


is shut down, there is a very marked reduction in the harmonic voltages in the 
higher order range and thus also a distinct reduction in the degree of distortion. 


Summary/conclusion In this power station supply network there is a resonant 
point in the area above the 50th order. The power supply system (the 10 kV 
incoming cable) of the ‘portal building’ exercises the essential influence here. 

To sum up, it can be said that the aforementioned disturbances are associated 
with the harmonics distortion of the station service network. The higher order 
harmonics in particular have a strong disturbing effect on the capacitors used in 
the network equipment. 

If the measuring results are considered from the point of view of standardisa- 
tion, it can be stated that an assessment of the harmonics up to the 40th order 
shows that compatibility levels are either just reached or slightly exceeded. From 
this aspect it is clear that the interference immunity of the relevant equipment is 
not high enough. 

Because of the very short electrical length of the networks in the power sta- 
tion supply networks, the network resonant points generally occur at very high 
frequencies compared to the medium voltage networks of the public power 
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supply system. While resonant points at harmonic orders in the 7 to 11 range 
can be expected in the public medium voltage network, the resonant points in 
the power station supply network are entirely in the 50" to 60" order range, or 
above. 

In the case dealt with here, countermeasures are very difficult to find. The 
possible measures at the 10 kV voltage level are very cost-intensive. Provided 
other equipment and devices at other voltage levels do not exhibit failures, the 
equipment connected to the low voltage supply can be protected by uninterrupt- 
ible power supplies and a disturbance-free operation thus ensured. It must, 
however, be considered that the uninterruptible power supplies are operated 
quasi-permanently on the supply side by a power supply with corresponding 
system perturbations and therefore must themselves be able to withstand the 
relevant disturbances. 


7.4.2 Disturbance analysis (voltage increase) in power station service 
network IT 


Task 


The problem of the effects which arise if the interference immunity of equip- 
ment is not tuned to the disturbance level in the network is clear from the 
following example. The main problem was seen to be increased difficulties in 
operating frequency converters which are used with drives of all kinds. The 
principle cause of disturbances was characterised by an excessive intermediate 
circuit voltage level. The affected voltage levels are in the 400 V systems. 


Data procurement Figure 7.14 shows the system diagram with technical data. 


Aspects of measurement To investigate the effect, the harmonics and flicker were 
measured over a long time period and supplemented by recordings of the time 
signal. The measurements at the 10 kV, 400 V and 690 V voltage levels were 
carried out simultaneously. 


Measurement results/assessment The measurements showed harmonics levels 
(2! to 40" order) in the area of the compatibility levels, as stipulated in the 
relevant standards. 

By comparing the time courses of the voltages on the 10 kV voltage level (see 
Figure 7.15) with the recordings taken at the most heavily-affected 400 V distri- 
bution Figure 7.16, different impressions of the commutation occurrences 
were clearly detected. These are caused by the frequency converters of the 
boiler-feeding pump drives. 

The commutation notches on the 10 kV voltage level show the actual notch 
which is superimposed by a commutation oscillation (f= 4 kHz). 

The commutation oscillation is strongly attenuated. The voltage values for the 
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Figure 7.14 Single-line diagram of medium and low voltage system in a power station 
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Figure 7.15 Commutation notches at the 10 kV busbar 
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Figure 7.16 Commutation notches at the 400 V busbar 


voltage sag and the voltage rise which then occur are within the limits defined 
by EN 50178 (VDE 0160). An examination of the voltage course at the 400 V 
busbar reveals some conspicuous features. On the one hand, the commutation 
notch cannot be very clearly separated from the commutation oscillation and, 
on the other hand, distinctly higher relative voltage amplitudes occur here. 
The attenuation of the oscillation is, however, not so pronounced as on the 
10 kV side. The deciding factor is that the frequencies of the oscillations are 
different. In contrast to the 4 kHz frequency at the 10 kV side, the frequency 
of the commutation oscillation at the 400 V side is approximately 3.3 kHz. 
This is a clear indication that a resonant point, located at a frequency of 
3.3 kHz, is excited by the commutation notch. The oscillation which can be seen 
at the 400 V side is not connected with the commutation oscillation at the 
10 kV side. 


Summary/conclusion In the actual case, a resonance excitation is present in a 
6 kV level. The converter disturbance signals, which indicate an excessive inter- 
mediate circuit voltage level, are caused by the slow charging of the intermediate 
circuit due to the voltage peaks superimposed on the actual network voltage. 
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A remedy can be provided in this case, under certain circumstances, by 
relocating the resonant point in conjunction with an attenuating load. 


7.4.3 Network resonance in the low voltage network 


Task In an operation disturbed by flicker, in which increasing disturbance excita- 
tions and recordings of an uninterruptible power supply (UPS) were registered, 
an investigation of the voltage quality was to be carried out. The voltage quality 
was to be quantified and the causes of the flicker determined. 


Data procurement Figure 7.17 shows the network or the affected network area. 
The essential technical data is therefore present. No information could be 
obtained on the loading of the transformers. The reactive power compensation 
systems are operated under automatic control. No further information was 
obtained on the 10 kV supply side (urban station) in the first stage. 


Aspects of measurement The measuring points were arranged so that informa- 
tion could also be obtained on the power flow. Long-term measuring instru- 
ments for harmonics, flicker and transient recording were installed at both 
measuring points. The measuring time period was set to one week. 


Measurement resultslassessment The harmonics measurement in the adminis- 
tration area resulted in a 1.5% to 4.7% voltage distortion (see Figure 7.18). 

The flicker measurement (Figure 7.19) showed distinctly higher flicker values 
at certain time points, but occurring only for relatively short periods. A com- 
parison of the recording with the log of the uninterruptible power supply 
showed clear agreements. The log of the uninterruptible power supply contains 
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Figure 7.17 Single-line diagram with connection points for measurement in an industrial 
installation 
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Figure 7.18 Total Harmonic Distortion (THD) of voltage phase-to-earth (U,, and U;) 
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Figure 7.19 Results of flicker measurement of voltage phase-to-earth (U,, and U;,;) 
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substantially more recordings but these could not be differentiated further by 
detail because the recording criteria of the uninterruptible power supply are not 
transparent. 

The transient recordings activated by the voltage trigger correspond in timing 
with the flicker recordings. Figure 7.20 shows an example taken from a transient 
recording. 

A precise analysis of the transient recording shows that the signals super- 
imposed on the voltage and current have a frequency of 383 Hz. This value 
corresponds to the telecontrol frequencies of 383.3 Hz in the 10 kV voltage level. 

If the system structure in Figure 7.21 is considered, the series resonant circuit 
which is established, consisting of the transformer inductivity and the capaci- 
tance of the reactive power compensation system, can be calculated as follows 


(see also section 2.3.3): 
S, 1 
Fog 0 HZ gf (7.1) 
U, Qc 


Only six steps of the capacitor bank were investigated, because a closer examin- 
ation of the reactive power compensation system revealed that six steps had 
already failed and therefore could no longer be brought on line by the automatic 


—300 


400 


400 
0 0.005 0.010 0.015 0.020 0.025 0.030 0.035 s 0.040 


t —> 


Figure 7.20 Transient recording 
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Figure 7.21 Equivalent diagram of series resonant circuit 


controller. In this situation, the six steps of the reactive power compensation 
system still available resulted in a resonant frequency of 418.3 Hz. 


Summary/conclusion The telecontrol frequency led to excitation of the series 
resonant point in the affected low voltage network. The telecontrol energy from 
the 10 kV network was drained via this series resonance, but the drain was still 
so slight that it had no effect on the telecontrol operation. However, this level 
was still sufficient to cause the disturbances mentioned in the task outline in the 
relevant low voltage network. A remedy can also be found here by relocating the 
resonant point. In this case it is sufficient to reduce the degree of compensation 
of the system. With the four steps in operation, it was necessary to allow for a 
power factor which, although poorer, was still acceptable. 


7.4.4 Reactive power compensation in a 500 V network 


Task A failure of one stage occurred in an unblocked reactive power compensa- 
tion system (without blocking reactor) of a 500 V network. The measurement 
was designed to determine whether an unblocked compensation system could 
be operated at this network node. In parallel with this, the investigation was 
also to assess whether the system was designed in accordance with the 
requirements. 


Data procurement The compensation system is constructed without blocking 
reactor. Its rated voltage is 525 V. The system has a total of six steps each of 
55 kvar. Figure 7.22 shows the structure of the system. 


Aspects of measurement To investigate the system, the voltages at the connec- 
tion points and the currents in the branches of the capacitor groups were 
recorded every second. As part of the measurement, the reactive power compen- 
sation system was operated from the shutdown state to step 5. Step 6 was not 
operable during the measuring time. 
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Figure 7.22 Details of single-line diagram at connection point of capacitor bank 


Measurement results/assessment The compensation system has a fundamental 
component rated current in the capacitor branch of approximately 35 A per 
step. In stage 5, the fundamental component current is about 175 A. The meas- 
urement results presented in Figures 7.23 and 7.24 show that the compensation 
system in the fifth step carries an additional harmonic current of approximately 
60 A with the frequency of the 11th harmonic. This current is fed into the 
network from the existing converters. 

The design of the capacitor bank for a rated current of 525 V at normal 
operating voltage of 525 V means that in its design the capacitor bank is already 
dimensioned below the expected voltage stress. Considering the existing har- 
monic currents present in the network, which are drained by the unchoked 
capacitors, the capacitors are clearly overloaded. 


Summary/conclusion Because the capacitor bank is necessary in this system 
because of the reactive power requirement (see data on cos 9), it is necessary to 
use a compensation system with blocking reactor. For safety reasons the existing 
system should no longer be operated. The existing capacitors should also no 
longer be used because they are certainly already damaged. Furthermore, a 
distinctly higher voltage rating is necessary for capacitors with blocking 
reactors. 
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Figure 7.24 Harmonic currents in connection circuits of the capacitor bank for different 
ca, 
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Chapter 8 
Appendix 


8.1 Formula symbols and indices 


8.1.1 Formula symbols 
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g 
i) 


SS 


lo 


Area 


Flicker disturbance value, annoyance value 


Rotational phasors 
Fourier coefficients 
Susceptance 

Magnetic flux density 
Harmonic distortion factor 
Bandwidth 
Capacitance 
Distortion power 
Distortion factor 
Attenuation 

Voltage change 
Interest rate 

Identity matrix 
Transmission function 
Form factor 
Conductance 
Fundamental component content 
Magnetic field strength 
Harmonics order 
Current, general 
Current density 
Degree of asymmetry 
Factor 

harmonic content 
Inductivity 
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Factor 

Mechanical torque 
Factor 

Number of turns, factor 
Speed of rotation 
Active power 
Disturbance value 
Partial Weighted Harmonic Distortion 
Number of pulses 
Reactive power 
Number of windings 
Resistance 

Repetition rate 
Reduction factor 
Apparent power 
Length 

Time, time instant 

‘HD Total Harmonic Distortion 
IF Telephone Interference Factor 
Transformation matrix 
Time duration, time course 
Voltage, general 

Angle of overlap 

Costs, value 

Reactance 

Admittance 

Impedance 

Control angle 

Loss angle 
Magnetomotive force 
Moment of inertia 

Pole angle 

Temperature 
Impedance angle 

Power factor 

Factor 

Time constant 
Magnetic flux 
Luminous flux 

Angle, load angle 
Angular velocity 
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8.1.2 Indices, subscript 


w 
a 


Ayr MAAAAgr°avcwpy 
Qa 


LV 


Connection 

General index 

Reference value 

Reactive component 
Capacitor, capacitive 
Critical 

Reactance coil 

Delta winding 

Direct axis 

Direct voltage 

Dielectric 

Earth 

Function 

Weighted factor 
Generator 

Negative sequence system quantity 
Total 

High voltage 

Harmonics order 
Current 

Part 

Part 

Degree of asymmetry, short-circuit 
Three-phase short-circuit 
Inductivity, inductive 
Lamp 

Line 

Load-side 

Three-phase components 
Low voltage. 

Long-term value 

Motor 

Medium voltage 
Supply-side 

Low voltage 

Maximum value 

Positive sequence system quantity 
Nominal value 

Higher voltage side 

Pole spider 

Phase position 

Supply point 
Three-phase components 
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R Ohmic 

Rest Residual 

r Rated value 

res Resonance 

S Secondary 

S Transmitter 

St Converter 

st Short-term value 

S Switching frequency 
T Transformer 

t Time instant 

U Voltage 

UV Lower voltage side 
Vv Losses 

Vv PCC 

VT Compatibility 

Vv Prohibited 

W Coil 

Ww Active component 
Y,y Star winding 

Int Interharmonic 

m Magnetisation 

S Spread 

1 Fundamental frequency 
0, 1,2 Symmetrical components 
+,- Limit frequency 


8.1.3 Indices, superscript 


” 


Subtransient 
* Conjugated complex 
: Relative, p.u. 


Identification, U as example 


U Complex quantity 

U Effective value of a sinusoidal, time-dependent quantity 

|[U Amount of a complex quantity 

U Matrix, vector 

u Instantaneous value, quantity which changes over time, relative 
quantity 

U* Conjugated complex quantity 

u(t) Quantity which changes over time 


U, Effective value of the magnitude of the harmonics order h 


Sequence of subscripted indices 


First position: 


next position: 
or: 

next position: 
next position: 
next position: 
next position: 


Component 

Operating state 
Harmonics order 

Type of equipment 
Number of equipment 
Additional designation 
Running index 
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RkT3 
RkT3max 


SSSaaas 
at 


RkT3maxi 
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Index 


1 equivalent circuit 66 
“%IMVA-system 32, 35, 41-43 


Active power 21—23, 33, 63-64, 67, 204, 
206, 208-209, 228 

Analysis, linear harmonic 67-68 

Angle of overlap 228 

Antialiasing filter 128, 131 

Apparent power 22, 28, 32-35, 63-64, 68, 
195, 204, 206, 208-209, 228 

Artificial neutral point 146 

Assessment of disturbances 81, 93, 215 

Asynchronous motor 33-34, 72 

Attenuation 24, 26, 61, 69-70, 171, 203, 
218, 227 


Bandwidth 24, 26, 142, 148-149, 227 
Basic standard 7 
Blocking reactor 154-156, 222-223 


Calculation of flicker 105, 110-111, 121 
Capacitor 68-71, 73-77, 86, 89-92, 97, 
114, 154-56, 163-164, 221-226, 229 
CE mark 7 
CENELEC 7, 29, 104, 108 
CENELEC curve 104, 108 
Central symmetry 46 
Characteristics 
cables 17, 36-39 
overhead line 17, 35-36 
transformers 17, 36, 44, 59 
Circuit breakers 74, 76, 156 
CISPR 7 
Coiled coil lamp 103, 111-112 
Commutating time 53 
Commutation notch 102, 114-116, 162, 
216-218 
Compact fluorescent lamp 3, 50, 59-60, 
74, 97 


Compatibility level 3, 8-9, 31, 76, 80-82, 
85, 89, 93, 123-124, 126, 134, 137, 
140, 168, 170, 203, 211, 215-216 

Components, symmetrical 17-18, 39-41 

Co-phasal factor 50, 65, 81, 92 

Consumer vector system 12-13 

Control of power system 76-77 

Converter 56-59, 89-94, 97-99, 128-129, 
131-132, 151-152, 170, 175, 178-181, 
202-204, 207-212, 216 

Counter measures 57-59, 78, 83, 147, 
151-153, 155-205, 216 

Coupling 4-5, 29, 67-70, 78, 81, 83-84, 131, 
157-158, 166, 171, 199, 207, 209 

Coupling of busbars 175 

Current transformers 74, 141, 145-146 

Cut-out 78-79 


D.C. component 6 

Dimmer 59, 84, 98 

DIN 40110 11, 23, 63-64 

Discharge lamp 44, 59, 77 

Discrete Fourier transformation (DFT) 
16, 131 

Discretisation 128 

Displacement factor 64, 89 

Distortion factor 64-66, 81-83, 139, 207, 
227 

Distortion power 227 

Disturbance assessment method 109, 
112 


Earth-fault compensation 75, 122, 146 
EMC 1, 4, 6-10 
Emitted interference 2—3, 7-9, 29, 83-87, 
114, 147, 151, 204 
Norms 3 
Limit 7-9, 29, 83-87, 123 
Emitted interference level 3 


240 Index 


EN 50160 29, 31, 114, 123 

Equipment 31-36, 41, 44, 47, 50, 59-60, 
65-67, 76-77, 81, 83-87, 89, 
99, 113-115, 121, 175, 191, 193-194, 
196, 203-204, 214-216, 231 

EU directive 6 


Filter, active 164-167 

Filter circuit 154, 156-160 

Flicker 4-5, 8-10, 30, 101-102, 105, 
107-109, 111-121, 126, 129, 132-135, 
140, 144-150, 152-153, 159, 161-163, 
171, 175, 182-188, 191-193, 195, 
197-200, 214, 216, 219-221, 227 

Flicker after-effect 110 

Flicker algorithm 109, 111, 150 

Flicker level 103, 109, 112-113, 115-116, 
132, 198-199, 214 

Flicker measurement 113, 116, 144, 
219-220 

Flicker meter 9-10, 111, 129, 132-134, 
140, 148, 149 

Form factor 104, 108-111, 119, 151-153, 
184, 188, 227 

Fourier coefficient 14-16, 227 

Frequency range 4, 7-8, 61, 65-67, 
126-128, 140, 163 

Frequency, relative 112, 130 

Full-wave rectifier 48, 50, 59 

Fundamental component content 64, 
227 


Generator 10, 12-13, 31-34, 46, 50, 59, 
67-68, 70, 72-73, 81, 92, 103, 129, 
157, 167, 170, 204, 211, 229 

Generator vector system 12-13 

Generic standards 7 

Gyrating mass flywheel 166-168, 201 


Harmonic 
General 1-8, 21, 44, 71, 83, 89, 126, 135, 
227-229 
calculation 63-66, 68, 123, 139, 
146-147, 170, 175-176, 204, 211, 213 
occurrence 44, 46-47, 59, 76 
Harmonic analyser 134-135 
Harmonic content 56, 64-66, 75, 77, 96, 
137, 155, 227 
Harmonic distortion factor 64, 81-83, 139, 
209, 227 
High-performance batteries 163, 167 


IEC 3, 6-9, 64, 74, 81, 85-87, 115 
IEC 1000 3, 6, 8-9, 64, 85-87, 115 


Impedances of electrical equipment 33-35 
Induction meter 77 
Interference 
immunity 2-3, 7-9, 10, 83-84, 89, 
114-115, 123, 215-216 
assessment 7-9, 10, 80, 83, 85, 99, 
114-115, 147, 215-216 
Interference immunity test level 7 
Interharmonic 4-6, 44, 46-50, 52, 54, 
56-58, 60, 62, 64-68, 70-72, 80, 
86-90, 98, 100, 126, 134, 230 


Lamps 3, 5, 44, 50, 59-60, 74, 77, 98, 
111-112, 132, 141, 144 

Lighting regulator, dimmer 99 

Linear harmonic analysis 66 

Line diagram 10, 117, 212, 214, 217, 219, 
223 

Lines 74, 75-76 

Luminance fluctuation 5 


Mains signalling 6 

Mean value 22-23, 29, 51, 53, 80, 123, 
135-136, 214 

Measurement of asymmetry 143-144 
Measuring instrument, digital 7, 77, 
127-129, 131, 134, 141, 143-149, 
213 

Measuring transformer 141, 144 
Motor 31, 33-34, 56-57, 59, 67-69, 72-73, 
87, 90, 113, 167, 204, 229 
Multicycle control 47 


Negative sequence system 19-20, 25, 40, 
58, 72-73, 121-123, 229 

Network impedance 76, 80-81, 99, 204, 226 
Network resonance 81, 219 

Network supply 67, 81, 90 

Neutral conductor 21, 29, 74-75, 107, 121 


Parallel resonance 25-26, 96, 155 

Parallel resonance circuit 25—26, 155 

Phase control 47 

Phase locked loop (PLL) 129, 132 

Phasor diagram 10, 12, 19, 20, 122 

Photovoltaic 47, 59, 202 

Planning calculation 211 

Positive sequence system 12, 20-21, 36-39, 
68, 70, 73, 121-123, 229 

Power factor 22, 64, 139, 222, 228 

Power station service network 213, 216 

Procurement of network data 202 

Product standard 7 

Protective equipment 76 


Pulse converter 56, 58, 92, 94, 158, 
180-181, 203-204 
PWHD 64, 85-86, 228 


Quantities 
physical 31-32, 63 
relative 31-32, 63-64, 67 
semirelative 31-32 


Reactive power 22-23, 63, 67-68, 76-77, 
89-90, 103, 139, 159-160, 162-163, 
189, 194-195, 219, 221-223, 228 

Reactive power compensation 

capacitors 6, 8, 76-77, 89-90, 221-222 
dynamic 159, 160 

Recommendation for assessment 6-10 

Repetition rate 103-104, 109, 184, 199, 228 

Resonance 67, 70, 75-76, 81, 89-91, 94, 96, 
114, 154-156, 158-160, 204, 209, 
218-219, 222, 230 

Resonance problems 156 

Resonant circuit frequency 24, 26 

Resonant condition 89 

Resonant frequency 24-27, 68-71, 77, 157, 
209, 222 

Ripple 50, 53, 55, 123 

R.M.S. value 62, 64, 72-73, 76-77, 89-92, 
96, 184-186, 188 

Rogowski measuring coil 141 


Sampling theorem 15 

Series resonance 24-25, 76, 155-156, 222 

Series resonance circuit 24-25, 76, 155 

Short-circuit current limitation 170 

Short-circuit power 2, 28-29, 34, 70, 
84-85, 92-93, 103-105, 109, 124, 168, 
170-171, 176, 178-181, 184-185, 
187-192, 198-199, 202 

Short supply interruption 6 

Signal processing, digital 127 

Signal sampling 15 

Skin effect 74 

Small consumers 59-60, 170 

SMES 164-169 

Source current 71 

Source voltage 67, 71 

Speech transmission 78 

Standardisation 1, 6-8, 83-84, 99, 114, 
123, 147 

Super conductor 

ceramic 168-169 
metallic 168-169 
Superposition 28 
Switched-mode power supply 50 


Index 241 


Symmetrical connection 12, 17, 159 

Synchronising device 77 

Synchronous generator 46 

Synchronous machine 33-34, 41-42, 72, 
123 

System connection factor 81, 83, 92-93, 
209 

System levels 27-29 

System level factor 80, 83, 92, 209 

System perturbation, types 2-4, 6-8, 27, 
36, 76, 83, 99, 102, 120-121 


Telecontrol frequency 62, 16, 222 

Telecontrol receiver 62, 76 

Telecontrol signal 61-62, 65, 76 

Telecontrol system 6, 61 

Telephone interference factor 79-80, 228 

Television sets 59-61, 203 

THD 30, 64-65, 85-86, 96, 139, 178, 
180-182, 212-214, 220, 228 

Three-phase bridge 50, 53-56, 58, 62 

Transformer, characteristics 36, 46, 68-72, 
75-16 

Transformer connection 147 

Transient recorder 129-130, 132, 134, 
148-149 

Transient recording 219, 221 


Unified Power Conditioning System 
(UPCS) 162-163, 175-189, 191, 
199-201 

Uninterruptable Power Supply (UPS) 201, 
219 


Vector system 11-13 

VDE classification 8-9, 29 

Voltage asymmetry 5, 124 

Voltage change 4-5, 30-31, 101, 103-104, 
106-109, 116, 119, 180, 184-190, 
198-199 

relative 103-104, 108-109, 119, 132, 140, 

182, 184-189, 198-199 

Voltage change course 4-5, 119 

Voltage drop 27-28, 33-34, 84, 86, 
104-105, 108-109, 118-119, 189 

Voltage failures 6 

Voltage features 29-31 

Voltage fluctuation 5, 101-103, 129, 134 

Voltage transformers 3, 74, 142 


Wind energy 47, 59, 202 


Zero sequence system 19, 21, 66, 72, 122, 
146, 148, 151 
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